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Fuel Cells convert the chemical energy of a fuel and an oxidizing agent into electricity through a
pair of redox reactions. Proton Exchange Membrane (PEM) fuel cells convert (efficiency-60%)
hydrogen and air to power the electric motors with zero emissions, facilitating the development of
environmentally friendly and sustainable automobile technologies. One of the major obstacles for
larger commercial viability of Fuel Cells for automobile applications is their cost-effectiveness.
Currently, fuel cells use platinum as a catalyst material, which is prohibitively expensive for
commercial automobile applications. The development of non-Platinum Group Metal (non-PGM)
catalyst materials with similar electrochemical performance to that of Platinum is essential for
adopting fuel cells in automobile technologies in a big way. Hence, this research focused on the
synthesis and characterization of three different non-PGM catalyst materials based on graphene
and graphene oxide with nitrogen and Zeolite Imidazole Frameworks (ZIF) and an additional
transition metal (Fe) loading. Various characterization techniques were performed to analyze the
chemical, morphological, and electrochemical properties of each of these synthesized materials.
The synthesized catalyst materials are N-GR-ZIF, N-RGO-ZIF, and N-RGO-Fe-ZIF with varying
nitrogen doping. N-RGO-Fe-ZIF exhibited electrochemical characteristics that are quite
comparable to that of Pt-based catalysts. The details of the synthesis process and characterization
of the synthesized materials are discussed in this dissertation.
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CHAPTER 1
INTRODUCTION
1.1 Energy sources
Energy has always been essential for the existence of human life in this world. we use
energy for our survival, transport, transform raw materials to finished goods, and for all other
basic needs to the least. U.S. Energy Information Administration projects that the demand for
energy usage will increase worldwide by 50% by 2050 due to the developments in technology
and day-to-day needs [1]. The increase in the world population (currently 7.7 + billion) is one
of the main reasons why energy demand keeps rising to meet basic needs, such as electricity,
living, and transportation. In general, energy sources are classified as conventional and nonconventional. Conventional energy sources are traditional energy sources such as coal, petrol,
crude oil, etc which are mostly non-renewable, and takes centuries to reproduce. Nonconventional or renewable energy sources are replenished from nature and are abundant.
Examples of such energy sources are solar, wind, hydro, biomass, geothermal, etc.

In

determining global energy requirements, transportation is considered as one of the major
sectors, which accounts for one-fourth of the consumption.
Current transportation technologies are not only fuel-hungry but also environmentally
polluting affecting the quality of life the world over. Eco-friendly, and sustainable technology
for transportation requires a step change from the currently used Internal Combustion Engine
(ICE) powered vehicles. This traditional transportation technology grew very popular among
the working-class population and the demand rose to a point of about 1.4 billion vehicles across
the globe [2]. ICE alone, being a major contributor to pollution, produces half of the carbon
monoxide and nitrogen oxides in the atmosphere with more than 31 billion tons of CO2
emissions [1], in addition to its lower energy conversion efficiency of 35%. Various
technologies such as hybrid vehicles, electric vehicles, solar-powered vehicles, fuel cell
electric vehicles (FCEVs) are innovated and commercialized to increase efficiency/ reduce
pollution levels. Clean energy initiatives with the advancement of novel technologies were
greatly supported by governments to tackle climate change. In the following section, the
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technologies related to FCEVs and their advantages and disadvantages with respect to
transportation/automotive applications will be further discussed.
1.2 Fuel cells
FCEVs use Fuel cells as the energy source.

Fuel cells are electrochemical devices that

work on the chemical conversion of fuel to generate electricity without polluting harmful
gases. Fuel cells use Redox (reduction-oxidation) reactions to generate a continuous flow of
electrons as a power output. Oxidation and reduction reactions usually occur at anode and
cathode respectively. In between these electrodes, an electrolyte membrane is usually placed
for the proton/ ion transfer from anode to cathode. There are various types of fuel cells
depending upon the type of membrane/ electrolyte used, namely, polymer electrolyte
membrane (PEM), solid-oxide, alkaline, direct-methanol fuel cells, etc. These fuel cells are
also defined by their operating temperatures, applications, and power densities. For example,
Direct Methanol Fuel Cells (DMFC) is similar to PEM fuel cells, but the fuel supplied is
methane instead of hydrogen and works at high temperatures (250 °C) and lower power output
range (1 W to 100 W) comparatively. Solid Oxide fuel cells consist of ceramic electrolytes
which operate in the 600-1000 °C temperature range and are designed for huge stationary
energy generation applications for 25 kW to 100 kW power range.
Compared with various fuel cells, PEM fuel cell has various advantages such as varying
power target output (10 W to 100 kW), low-temperature operation (80 °C), high power density
output, and widely applicable due to the power range. Traditionally, fuel cells were used as
energy generation and storage applications, but due to the rising concerns of pollutions, they
have been realistically used in powering vehicles such as automobiles, industrial forklifts,
public buses, submarines, etc. Higher operating efficiencies, zero emissions, high power
outputs and varied applications due to scalable power outputs increase the demand for fuel
cells in everyday applications. Polymer Electrolyte Membrane Fuel Cell (PEMFC) is the ideal
fuel cell type employed in automobiles to power their electric motors efficiently without
generating any harmful gases and has many advantages over the conventional ICEs.
Since PEMFCs are the focus of this thesis due to their automobile application and our
objective to analyze fuel cells as alternative sustainable transportation technology, it is vital to
understand the working principle, advantages, demerits/ issues associated with PEMFCs,
2

which will be discussed in detail in section 1.3 to 1.5. After we cover the advantages and issues,
we will define the objective of this thesis and approaches which were taken to solve such issues
briefly in section 1.6.
1.3 Proton Exchange Membrane Fuel Cells (PEMFCs)
PEMFC’s are electrochemical devices that convert the chemical energy of hydrogen (fuel)
and oxygen to form electricity as a power source with zero polluting emissions. They have
been widely utilized in various applications such as energy generation and storage, energy
conversion, and automotive industries. PEMFCs have a higher scope in the commercialization
to replace ICEs in the transportation sector due to their safe, clean, and efficient operation.
They have high power density (>1 W/cm2), higher electrical efficiencies (60%), and operate at
lower temperatures (<100°C) which makes them preferable among other fuel cells as an
alternative to replacing polluting ICE-powered vehicles.
In a typical PEMFC, hydrogen and oxygen gases are sent to the anode (negative) and
cathode (positive) electrodes respectively to perform redox reactions to generate electricity.
HOR reaction happens at the anode by oxidizing H2 gas to H+ ions (Eqn 1.1) and at the cathode,
ORR occurs with three reactions taking place at the same time to form H2O (Eqn 1.2). Figure
1.1 (a) shows the schematic of a typical PEMFC single which consists of proton exchange
membrane (usually Nafion polymer), cathode-side catalyst layer, anode-side catalyst layer, and
two gas diffusion layers (GDL) and bipolar plates with flow channels to facilitate the
continuous supply of the reactants. The catalyst in the catalyst layer drives the conversion
reactions at the respective sides of the electrode to generate continuous electricity. This
generated electricity is used to power the electric motor in FCEVs making them non-polluting
and efficient vehicles.
Anode reaction: H2 → 2H+ + 2e- (E°r = 0V)

Eqn 1.1

Cathode reaction: O2 + 4H+ + 4e → 2H2O (E°r = 1.23V)

Eqn 1.2

3

Figure 1.1 (a) Construction of a single-cell fuel cell with a bipolar plate as an electrode with
gas channels on the anode and cathode sides to transport hydrogen and oxygen gases respectively.
The Membrane Electrode Assembly in the middle consists of GDLs with anode and cathode layers
sandwiched with the Nafion membrane in the middle. (b) A cross-sectional view of MEA and the
fuel cell schematic illustrating the working or HOR and ORR reactions at the respective electrodes
[3]
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At the anode side, H2 gas (fuel source) is chemically converted to 2H+ ions and 2e- by the
anode catalysts (usually platinum). The generated electrons run through bipolar plates and
external circuits to the vehicles motor to run power the entire vehicle, meanwhile, the H+ ions
diffuse through the membrane (mid of the electrodes) to transport towards the cathode to
involve in the cathode reactions to produce water. The reaction happening at the cathode side
is called Hydrogen Oxidation Reaction (HOR), where, oxygen/air is supplied to reduce oxygen
molecules to oxygen ions and recombine with hydrogen ions and electrons to form a water
molecule. In the overall process, only the respective gases from both sides of the electrodes
are chemically converted by the catalyst materials and is a continuous process, which can be
observed in the Figure below. Usually, ORR is very sluggish compared to HOR, and the kinetic
rates at the cathode side suffer due to the following reasons.
First, the cathode catalysts have to collect all the cathode species such as O-, H+, e- all at
the same catalyst site/ active site at the same time to successfully catalyze the ORR reaction
and form water molecules. Therefore, the ORR reaction is always sluggish compared to the
HOR reaction where only the splitting of hydrogen molecule to ion happens. To compensate
for the slower reaction kinetics, catalyst loading at the cathode side will always be more
compared to the anode. In a typical fuel cell, the cathode catalyst is loaded 2-4 mg/cm2 of the
catalyst layer compared to 0.2 mg/cm2 at the anode.
Thus, the increased loading of the platinum catalyst to compensate for better reaction rates
has resulted in increased cost of the fuel cell stack. Platinum alone costs half the price of the
entire fuel cell stack which hinders the realization for FCEV commercialization to replace ICEs
and alleviate the global warming crisis [4]. A fuel cell stack consists of hundreds of individual
cells of the fuel cell (anode-cathode combinations) connected in series to achieve higher power
output to run the vehicle. Figure 1.1b shows a cross-sectional schematic of a single cell fuel
cell comprised of an anode (left side) and a cathode (right side) with a Polymer Electrolyte
Membrane (Nafion, made of perfluorinated sulfonic acid polymer) in the middle. Since the
Nafion membrane has high ionic conductivity it allows only the H+ ions (no electrons or H2
gas) to pass through it towards the cathode. HOR reaction happening at the anode (left side)
converting H2 to H+ ions and the positive H+ ions strongly interact with the negative ions from
the membrane. Nafion membrane should also possess high electrical resistance to redirect the
5

electrons towards the external circuit via bipolar plates which are highly conductive. This is
the basic working of a PEM fuel cell and the mechanism with how the catalysis takes place to
continuously supply electrons/ electricity.
1.4 Automobile applications of PEMFCs
Generally, PEMFCs are classified into two types: High-temperature PEMFC (HT-PEMFC)
and low-temperature PEMFC (LT-PEMFC). FCEVs utilize LT-PEMFCs because of their
higher efficiencies, low-temperature operation, and applicability to automobiles. PEMFCs
convert the chemical energy of the hydrogen fuel with higher efficiencies up to 60% to an
electrical output which is used to run the vehicles. FCEVs have several advantages like clean
emissions (no NOx or CO2 emissions), very silent operation, higher power densities, and safe
operation, which makes them reliable and eco-friendly technologies in replacing ICEs. The
utilization of fuel cells in the automotive industry is rapidly increasing with a wide range of
automotive such as buses, forklifts, motorcycles, cars, trucks, trains, and boats which are
mostly run by PEM fuel cells [5].
Proton-exchange membrane fuel cell (PEMFC) is the most suitable fuel cell for automotive
applications due to high electrical efficiencies and current densities, zero polluting gases, low
operating noise, and temperature. PEM fuel cell was first invented by Willard Thomas Grubb
and Leonard Niedrach in the early 1960s to replace the expensive solid-oxide fuel cells [6].
Toyota Mirai was the first car to use fuel cell technology and commercially sold in the market
that completely runs on direct hydrogen fuel. FCEVs are practically possible but with the
concerns which will be discussed in section 1.5. The vehicle cost is around $60,000 [7] which
is higher than the average price of an ICE-powered vehicle ($37,000) [8]. The higher cost
pertains to the platinum cost used as a catalyst material in those FCEVs. Higher platinum
loadings at the cathode side and platinum cost have increased the vehicle’s overall cost that
hinders its practical commercialization.
The US Department of Energy is trying to commercialize PEMFCs in the transportation
sectors such as public buses, individual owned vehicles, and trains by reducing the cost of fuel
cell stack to $30/kW power [9]. Currently, even scaling up to the stack production of 500,000
units per year, the platinum catalyst cost contributes about 50% of the overall stack costs which
will ultimately increase the vehicle cost and hinders the viable commercialization of FCEVs.
6

The reason behind the higher costs of platinum ($30,000/Kg) is due to its limited supply and
geographical disadvantage of transportation. The platinum cost can be reduced by either a)
reducing the loading content of platinum by reducing the particle size/ by alloying platinum
with potent metals or b) eliminate the usage of platinum by replacing with a non-Platinum
Group Metal material. Research on reducing the platinum loading of the cathode catalyst has
been going on for more than a decade and still, the target platinum loading of 0.4 mgPGM/cm2
has not met. There have been findings of higher current densities comparable with that of
commercial platinum catalysts, reported for non-PGM carbon catalysts, however, there are
issues with the durability of those catalysts when tested with DOE standards of testing. In the
following section, we will be discussing technical issues and challenges with the performance
issues and obstacles in reducing the catalyst cost.
1.5 Challenges for PEMFCs
As we have discussed in the previous sections, the main challenges for the PEMFC are the
high cost and limited supply of the platinum metal. The only way to address this issue is by
reducing its usage or by eliminating them by non-precious material. In this research, the goal
is to synthesize alternative materials for non-PGM catalysts with comparable performances.
This is the core objective of the thesis where we have fabricated three different non-PGM
catalysts, investigated the materials through physical, chemical, and electrochemical
characterization to understand the factors that provide comparable electrocatalytic
performances. Even though platinum is the best catalyst material found so far, it suffers
durability issues with degradation and agglomeration of platinum-ionomer particles from the
carbon support on the catalyst layer from the cathode side. Kang Yu et al. analyzed various
membrane-electrode assemblies (MEAs) of varying platinum sizes with SEM and TEM
investigations [10]. They reported that the smaller particle size contributes to higher
degradation. However, reducing the particle size reduces platinum utilization, which points
out that with platinum utilization there will always be a tradeoff between performance and cost.
PEMFC suffers energy losses which are identified with a typical polarization curve shown in
Figure 1.2 below.
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Figure 1.2: Typical polarization curve for PEM fuel cells with activation, ohmic, and mass
transport polarization regions indicated in the graph. The graph shows various performance losses
at the indicated regions in a fuel cell [3]

The first loss is the “overpotential voltage loss” which is identified at lower current density
(typically at 0 mA/cm2) in the figure, where the observed voltage starts much lower than the
theoretical ‘no loss voltage’ at 1.23 V (green line). This loss is due to the hydrogen fuel
crossing over through the membrane. The next loss is the “activation loss” which is identified
by a sharp loss of voltage (in the region of activation polarization) due to the slower kinetic
reaction at the cathode side. The ORR reaction at the cathode side is slower than the HOR
reaction at the anode side of the fuel cell. This loss can be improved with the additional loading
of the catalysts on the cathode side to catch up with the HOR reaction rate. The next loss in the
curve is the “ohmic loss”, which occurs due to the ohmic resistance inside the fuel cell,
especially from various components such as membranes, electrodes, and diffusion layers, etc.,
which hinders the free movement of electrons in the circuit. To overcome this electrical issue,
8

highly conductive electrodes like graphite is used. The final loss is the rapid downward curve
at high current densities, where the voltage rapidly reduces (identified at the region of
concentration polarization). This “mass transport loss” is due to the lack of supply of reactant
reactants such as hydrogen and oxygen, where comparatively the reaction rate is higher at these
high current densities. Increased supply of the reactant gases will help mitigate these losses.
These are the types of losses represented by a polarization curve which generally occurs with
most of the catalyst materials in a fuel cell.
Mostly, the researchers focus on the cathode side of the PEMFC because of the higher
loading content and the reasons for sluggish ORR reaction happening at the cathode side. A
triple reaction occurs at the cathode side of the PEMFC to which the catalyst loading must be
higher compared to the anode side. This thesis will follow the research direction of developing
non-PGM catalyst by strategically designing and targeting the factors that aid with the
development of electrochemically active non-platinum based carbon catalysts that has
comparable performance to that of commercial catalyst materials. The development of ORR
catalysts with good performance and cost-effectiveness is crucial to compete with the existing
ICEs. In the next section, we will be discussing the objective of this thesis and approaches that
are followed to address the abovementioned issues we have discussed in this section.
1.6 Thesis objectives and approaches
The objective of this thesis is to design and develop novel ORR electrocatalysts that can
provide a comparative catalytic performance and is relatively cost-effective, which can serve
as an alternative to the expensive platinum for fuel cell applications. In this thesis, an approach
towards research and development of carbon-based metal-organic framework modified
catalyst materials were considered for synthesizing high performing alternative catalysts.
Three different material combinations viz., Nitrogen-doped graphene with Zeolite Imidazole
Frameworks (N-GR-ZIF), Nitrogen-doped reduced graphene oxide with Zeolite Imidazole
Frameworks (N-RGO-ZIF) and Nitrogen-doped reduced graphene oxide catalysts with Irondoped-Zeolite Imidazole Frameworks (N-RGO-Fe-ZIF). A simple and cost-effective wet
chemical synthesis was selected to accomplish our strategy to develop non-PGM catalysts.
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1.7 Thesis outline
After a brief introduction, Chapter 2 will discuss a detailed review of various catalysts and
support materials along with various catalyst design strategies to understand the selection of
materials and synthesis processes in developing non-PGM catalysts. Chapter 3 discusses the
synthesis procedures used for different materials to fabricate novel electrocatalysts and
characterization techniques employed to analyze the material’s physical, chemical, and
electrochemical properties. The characterization techniques utilized in this thesis are Scanning
Electron Microscope (SEM), Fourier Transform Infrared (FTIR) spectroscopy, X-ray powder
diffraction (XRD), Energy-dispersive X-ray spectroscopy (EDX), X-Ray Photoelectron
Spectroscopy (XPS), Raman spectroscopy, and Cyclic Voltammetry. Chapters 4 presents the
characterization results of the synthesized catalyst materials. Conclusions and potential plans
are documented in chapter 5 where a detailed analysis of three novel catalysts is reported.
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CHAPTER 2
LITERATURE REVIEW
2.1. Platinum-based catalysts
Platinum is widely used as commercial catalysts for different fuel cells due to fast catalytic
rates and effectiveness in conversion into the water on the cathode side [11]. The applications
of fuel cells have widened up from only portable energy generation devices to various
automotive applications such as forklifts, trucks, and individual owned vehicles. Leonard
Niedrach, a chemist from a general electric company in 1958 used platinum for the first time
in sulfonated polystyrene membrane for use in PEM fuel cells [12]. Since then, platinum has
been a suitable catalyst for fuel cell applications due to their high operational durability and
output current densities.
Platinum is one of the fewer materials that can withstand the corrosive acidic environment
of the fuel cell operation with long durability and low-performance losses. Although these
factors make platinum vital for a fuel cell application, their limited availability, fluctuating raw
material, and processing costs make them undesirable from an economic standpoint. Due to
slow ORR kinetics, platinum loading on the cathode side is increased several-fold compared
to anode loading which also led to increased costs, therefore, alternative cost-effective
materials with similar performance and durability will address the issues of high costs of
FCEVs. To commercialize the FCEVs, DOE estimates the loading target of platinum should
be 0.125 mg/cm2 to be a practically viable alternative to ICEs. The platinum loading in the
current fuel cells is about 3 to 6 times higher than the DOE target loading. Thompson et al
performed cost analysis for an 80kW fuel cell stack system (Figure 2.1), where they have found
out that 44% of the FCEV vehicle cost is from the fuel cell stack and platinum costs about 41%
of the stack costs or 18% of FCEV [13].
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Figure 2.1: Fuel cell stack cost of 80 kW system with breakdown costs of the components in the
stack. Platinum electrodes for anode and cathode constitute more than 50% of the stack costs [13].

Reduction in dependence of platinum utilization is also a possible solution and researchers
have achieved by following the three main strategies, by, a) reducing the amount of platinum
by reducing the size of the catalyst particle with increased surface area, b) reducing the amount
of platinum by alloying with transitional metals such as cobalt, iron, manganese and nickel,
and c) eliminating the use of platinum by using non-PGM catalysts materials with similar
electrochemical performance. The first approach is based on increasing the pore area or the
specific active surface area by reducing the particle size, thus reducing the amount of platinum
used, but, the only drawback with this strategy is that particle sizes can only be reduced up to
a certain size, and beyond that particles seems to agglomerate with the carbon support thus
leading to performance losses [4]. The second strategy of alloying platinum with transition
metals is also a newer approach where the reduced platinum utilization is balanced with the
higher reduction potential of metals like iron, cobalt, nickel, etc., In this thesis, we are
following the third strategy to reduce platinum usage completely and suggest our novel and
cost-effective material as an alternative catalyst material to solve this issue.
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In this research work, we are focused on synthesizing non-PGM catalysts using carbonbased graphene and reduced graphene oxide materials modified with metal-organic
frameworks with electrical conductivity and porosity to improve electron and kinetic transfer
rates. Since non-PGM materials are the core subject of this thesis, we will discuss various types
of carbon-based and other types of PGM free materials in the next section.
2.2 Non-platinum group metal-based catalysts
Amid increasing pollution levels by the existing transportation, and a need for ecologically
friendly transportation, Fuel Cell powered vehicles seems to be promising alternatives in
fighting global warming. PEMFC is a clean and efficient technology that is growing interest
among various researchers and industries to push for a transition toward next-generation
automobiles. However, with the growing demand for FCEVs, platinum costs have hindered
this transition towards commercialization and the need for non-PGM-based catalysts has risen
due to cost-effectiveness and offers similar performance to the platinum-based. An ideal nonPGM catalyst must be cost-effective, abundant in supply, relative ease of manufacturing, and
environmentally friendly to procure and produce. The most popular non-PGM catalysts among
the research community are the carbon-based electrocatalysts which are enhanced with
heteroatom dopants (like nitrogen [14][15], boron [16][17], sulfur [18][19], etc,.), MetalOrganic Framework materials (like ZIF-8 [20][21], ZIF-67 [22][23], ZIF-7 [24], etc,.) and
transition metals (like iron [25][26], cobalt [27][28], nickel [29][30], etc,.). These additional
moieties act as active sites to help enhance the catalytic activity of the carbon supports. For
example, nitrogen atoms bond to the carbon like CN4 structure to help increase the catalytic
reaction rates on the cathode side by increasing the speed of conversion with species like O-,
H+, e- into forming water molecule [31][32].
In the case of transition metal-based catalysts, metals like Fe bond with N atoms like a
porphyrin ring as active sites to propel ORR catalysis [33][34]. These active sites are loaded
more than the platinum-based to increase the current density of the overall catalyst comparable
to the platinum but still maintaining its cost. In section 2.3, we will talk about different types
of carbon materials that are used as supports, their intrinsic property, and their role in the field
of electrochemistry. Since graphene and reduced graphene oxide are used in this research work,
much focus is dedicated to those materials to justify the selection of the support. Selection of
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synthesis process/ methods play a vital role in the development of effective electrocatalysts,
therefore, a brief discussion of widely used synthesis processes for developing non-PGM
catalysts are discussed in section 2.4. Design strategies involve tuning the chemical and
morphological properties to enhance the electrochemical and electronic property of the catalyst
and it is important to understand the fundamentals to get an idea that helps us with the selection
of precursor material, synthesis procedure, and process parameters in the successful
development of high performing electrocatalysts. Various design strategies are used in this
thesis such as heteroatom doping, transition metal doping, and MOF modification which are
discussed in section 2.5.
2.3 Carbon-based catalysts
Carbon-based catalysts are widely used in applications such as batteries, fuel cells,
electrolysis, solar cells, hydrolysis, energy storage, and CO2 reduction. They are abundant in
nature with high electrical conductivities, high corrosion resistance, high thermal, and
electrochemical stabilities. Unlike precious metals, carbon materials can be synthesized within
labs/ industries at relatively lower manufacturing costs with tunable material properties.
Researchers and industries are researching various carbon materials to fit newer applications
every year and the amount of research has increased much fold over the years [35].
Technologies such as batteries, fuel cells, hydrolyzers, and solar cells require carbon catalysts
that may work on the following reactions, such as Oxygen Reduction Reaction (ORR), Oxygen
Evolution Reaction (OER), and Hydrogen Evolution Reaction (HER). Therefore, costeffective, and environmentally sustainable catalysts are vital to replacing expensive catalysts
that economically unsustainable for fuel cell applications.
In this section, we will discuss the literature of carbon-based catalysts applicable as fuel
cells or ORR catalysts in replacing noble metal catalysts such as platinum, gold, silver,
ruthenium, etc., Wang et al. reviewed the relationship between carbon supports and metal/
metal oxide particles to conclude that metal catalysts, in general, suffer severe dissolution and
agglomeration issues with reduced durability and performance losses [36]. Carbon-based
catalysts seem to be promising which avoids using metal particles by heteroatom doping and
MOF modification strategies. Various researchers have successfully synthesized PGM free
carbon-based catalysts with comparable ORR performance and durability to that of platinum14

based [37][38][39][40][20][41][42], which drove researchers attention towards alternative
carbon-based catalysts.
There are different types of carbon materials with unique structure, chemical, and
electronic properties that offer different electrochemical performances for fuel cell
applications. Commonly used carbon materials in electrochemistry are graphene, carbon
nanotubes, graphene oxide, graphite, and reduced graphene oxide and their structure is shown
in Figure 2.2. Since this thesis is focused majorly on the electrochemistry side of fuel cells,
detailed report on the effects of morphological change, doping/ defects effects and chemical/
electronic tunability of the carbon catalysts are well documented in this chapter. In this section,
we will focus on different types of carbon materials and literature as ORR catalysts.

Figure 2.2: Structure of various carbon materials used in the field of electrochemistry.
Graphene and Reduced Graphene Oxide are the two carbon support materials used in this thesis
for the development of novel ORR catalysts.

Graphene (GR) was first discovered by Dr. Geim et al. in 2004 and has bonded carbon
atoms that are connected in a hexagonal structure to form 2D nanosheets and are one-atomthick [43]. Graphene possesses a large theoretical specific surface area (SSA) of ∼2600 m2 /g,
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a hybridized sp2 planar surface leads to high electrical conductivity (106 S cm−1), excellent
mechanical property, and thermal (5000 W m−1 K−1) conductivities. Chemically synthesized
graphene has interlayer defects and functional groups that help in the anchoring of metal
particles with strong metal-support interaction. Heteroatom doped graphene has enhanced
catalytic activity due to the faster electron transfer rates, high porosity, and electrical
conductivity. Graphene has been an attractive material to researchers due to their extensive
versatility and applicability to be used as medical devices, flexible electronic/ photonics
circuits, solar cells, electrochemical conversion, and storage systems. With their exceptional
advantage towards applications in energy conversion and storage, graphene has been
considered as promising carbon support material for both platinum and non-PGM materials.
Carbon nanotubes (CNT) are like the graphene sheet, except, the structure is wrapped into
a tubular shape to form a single-wall carbon nanotube (SWCNT). When there are many
concentric layers of SWCNT, then the resulting structure is called multi-walled carbon
nanotubes (MWCNT). The differences between SWCNT and MWCNT can be observed with
the change in morphology, atomic orientation, and material properties, which alters the
electronic, mechanical, thermal, corrosive properties, etc., The surface area of SWCNT (1085
m2 g-1) is large compared to MWCNT (500 m2 g−1) and electrical conductivities of SWCNT
(107 S/cm) higher than MWCNTs (105 S/cm) which makes SWCNTs desirable for energy
storage, electronics, sensors, composites applications, etc.,
Graphite is another carbon material produced by a milling process in the presence of
hydrogen atmosphere and is stacked layers of graphene which makes them 3D structures. The
quality of the material produced depends on process parameters such as hydrogen flow, milling
speed/ time, and the quality of carbon precursor. Graphite possesses high SSA (400 m2/g) with
good mechanical, thermal, and electrical properties, making them ideal for applications such
as biosensors, batteries, energy storage, and conversion devices. Graphene Oxide (GO) and
Reduced Graphene Oxide (RGO) is the other carbon materials processed from graphite
(precursor material) through mechanical and chemical exfoliations. In this thesis, we are using
RGO and GR as carbon supports, so more emphasis on literature is explained for these two
materials. Modified Hummers method is used to oxide and exfoliates graphite to synthesize
GO, followed with a reduction process to remove oxygen functional groups from GO to
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improve electrical conductivity. RGO has a film-like morphology that helps in retaining active
sites in a corrosive acidic environment preventing agglomeration and performance loss. RGO
has fewer oxygen groups like carboxyl and epoxy groups, which will have additional oxygen%
content comparatively to GO. RGO sheets help significantly in the accumulation and transfer
of electrons inside its network film and perform as better ORR catalysts due to active site
retention.
There are various strategies to synthesize carbon catalysts with active sites, such as
heteroatom doping, MOF modification, utilizing metal particles using strong interaction, or
activating the precursor material by carbonization. Heteroatom doping is a widely used method
to induce atoms like nitrogen, phosphorous, boron, and sulfur to manipulate the electronic and
chemical properties of the carbon materials to boost the electrical conductivity by inducing
defects. This strategy is used to dope nitrogen atoms into the basal plane of RGO and GR
supports to enhance the catalytic activity of the carbon catalysts. Higher loading of platinum
is used at the cathode due to the complex ORR process involved. An electrocatalyst plays a
vital role in the ORR reaction because it should be efficient in converting the protons, anions,
and electrons to water and catch up possible to match up with the faster anodic HOR reactions,
with optimized mass transfer and kinetic reaction rates. In sections 2.3.1 and 2.3.2, we will be
discussing the graphene and reduced graphene oxide-based catalysts and their role as ORR
catalysts in fuel cell applications.
2.3.1

Graphene-based catalysts

Graphene is a widely used carbon support material in energy conversion devices due to the
advantages of high chemical stability and corrosion resistance, higher electrical conductivity
and stability, that led graphene to leverage its properties in a wide range of applications such
as photovoltaic cells, batteries, fuel cells, etc., Graphene consists of a single layer of carbon
atoms that forms a 2D hexagonal lattice sheet where the sp2 hybridization of carbon network
has made this material with strong mechanical and high electrical properties. Graphene is
fabricated by several methods such as CVD, chemical and physical exfoliation, pyrolysis, and
wet chemical synthesis. In this thesis, graphene nanoparticles (6-8nm thickness, average
particle diameter of 15 μm, 150 m2/g surface area, and electrical conductivity of 107 S/m) are
procured from SkySpring Nanomaterials to use as carbon support material in the catalyst
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development. The catalyst support material has an immense impact on the distribution of
catalysts and its stabilization in acidic corrosive environments. Graphene has an attractive
structure with a high surface area, strong support-catalyst interactions, and highly conductive
that is ideal as a support material. The catalytic activity of graphene materials can immensely
increase by heteroatom doping using dopants like boron, nitrogen, sulfur and phosphorous,
etc., where some carbon atoms in the graphene structure are replaced with the heteroatoms.
Since the size and electronegativities of the heteroatoms are often different from carbon, the
defect in the network causes an electron modulation that changes the charge distribution and
electronic property/ electrical conductivity of the graphene material.
Graphene is advantageous as a carbon support material due to its 2D structure, high
electrical conductivity, porosity, and corrosive resistance to acid environments. Commercial
Platinum on Vulcan carbon catalysts suffer from the PEMFCs acidic environment with
dissolution and degradation, and thus a requirement for alternative support material like
graphene vital to prevent performance losses due to dissolution of active sites [44]. Various
researchers have utilized graphene as their carbon support material with which electrocatalysts
are designed and developed using various synthesis methods (as explained in section 2.4) and
design strategies (section 2.5). Sadegh Hassani et al. synthesized N-doped graphene catalysts
with pyrolysis at 900 °C and ammonium acetate as N precursor. These catalysts are generally
called “Non-metal based carbon catalysts”, and the catalyst developed by Sadegh Hassani et
al. exhibited excellent selectivity and stability, confirmed by the electrochemical tests [40].
Roberta Sibul et al. synthesized S, N-co-doped graphene catalysts for ORR reaction, where
thiosemicarbazide and trithiocyanuric acid were used as S and N precursors in the process. N,
S- doping was performed with pyrolysis followed by a ball mill to reduce to nanoparticles, thus
the electrocatalysts were proven with exceptional performance with improved durability due
to higher porosity [45]. It is interesting to understand the design principles and the selection of
synthesis methods and process parameters the researchers choose in the catalyst development
procedure. The former group used pyrolysis to synthesize N-doped graphene catalysts, whereas
the latter group used the ball milling process additionally to leverage pore size and volume to
its advantage with its electrochemical performance.

18

Chemical Vapor Deposition (CVD) is a common technique used to synthesize various
carbon and heterogeneous carbon materials with the presence of inert and dopant gases in the
chamber. A research group from Marmara Research Center, Turkey synthesized 3D N-doped
graphene catalysts using the CVD method for fuel cell applications in an acid electrolyte.
Nickel foam was used as a metal substrate to grow graphene material in a chamber with the
presence of Ar, N, H, and CH4 gases at 1000 °C [38]. Another popular and facile method of
synthesizing graphene-based catalysts is by wet chemical synthesis where high temperatures
and expensive equipment are not involved, which makes the synthesis process cost-effective
and safe. Zhang et al. synthesized graphene catalyst using wet chemical technique followed
with pyrolysis, where N doping was performed by the wet chemical method with the resulting
material carbonized by the high temperature. Zhang et al. also used transition metal such as
Iron in their catalyst, where iron particles were added onto the graphene sheet during the
pyrolysis process to synthesize (N, Fe)- doped graphene catalysts. Fe-N4 type of active site
mechanism is driving the catalyst reaction on the cathode side for transition metal-based
catalysts. Fe% and N% at 0.56 and 7.85 respectively were doped onto graphene surface, an
ideal composition that is reported with good selectivity (n= 4.1) and current density (Jk = 5.7
mA/cm2) compared to platinum catalysts [46] (n= 3.95 and Jk= 4.34 mA/cm2) [47]. The
research group also reported excellent control over the structure and chemical property of the
catalyst precursor using the wet chemical method and was reported that the synergistic effect
of N, Fe doping process with fluorination was the reason behind improved catalyst stability
with constant power density. A similar high-performing catalyst is synthesized by Wu et al.
using a wet chemical procedure with Fe3O4 nanoparticles on graphene support which
exhibited high current density and high electron transfer number [48]. Zhuang et al. reported
high current density (5.02 mA/cm2) and electron transfer numbers (n = 3.93) for N doped
graphene with MOF catalysts using wet ball milling technique and reported that ZIF materials
have a positive impact in modifying graphene with increased porosity and specific surface area
for enhanced catalytic rates [41].
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2.3.2

Reduced graphene oxide-based catalysts

As a promising carbon support materials, reduced graphene oxide (RGO) has attracted
substantial research interest in energy conversion applications due to its versatility attributed
to its unique physical and chemical properties with high surface area and facile way to
chemically and structurally tunable. RGO is like graphene which has a similar π network of
bonding between the carbon network making them conductive and electrocatalysts or hosts for
catalyst particles. The synthesis of RGO based electrocatalysts are accomplished due to the
ability to react with functional groups and enables the construction of composite materials with
materials like ZIFs [49], metal particles [50], metal oxides/sulfides [51], etc., to act as ORR
catalysts. RGO support materials are widely synthesized using various wet chemical methods
such as hydrothermal synthesis [52], template-assisted synthesis [29], interface mediated
synthesis [15], etc., due to facile process and higher yields. RGO has better acidic stability,
high electrical conductivity, high corrosion resistance, and film-like morphology that can
facilitate electron transfer faster without any sintering issues of loss inactive sites. Nguyen et
al. has reported exceptional stability with RGO sheets, since the nanoparticles are densely
distributed over and under the sheets without any aggregation and agglomeration, thus
promoting high charge transfer property and uniform electrochemical activity [53].
RGO is chemically reduced from GO by using hydrazine monohydrate to remove oxygen
groups from GO, which is obtained from natural graphite using the modified Hummers
method. The initial step in this method is to oxidize graphite material to graphite oxide and
exfoliate chemically to obtain a few layers of GO sheets. The purpose of the first step was to
functionalize the basal planes of graphite and increase the interlayer spacing between the
atoms. The latter step involves exfoliating graphite oxide thick sheets to a few layers of
graphene oxide using an aqueous solvent. Chemical exfoliation to RGO involves using
reducing agents like hydrazine, hydrides, hydroxides, redox-active sulfur species, reductive
acids, or even enzymatic reduction to remove oxygen-containing groups (hydroxyl, carbonyl,
carboxylic, and epoxy) from graphene oxide [54]. GO can be reduced using a wide range of
methods, such as thermal reduction [55], chemical reduction [56], or hydrothermal/
solvothermal reduction [57]. Thus, the wide applicability of RGO synthesis led to the
expansion of these techniques to develop electrochemically active hybrid electrocatalysts
catalysts [58][59]. Research towards RGO has significantly risen more than 100% compared
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to last year in terms of publication of RGO materials, which clearly shows the potential of
RGO in the field of electrochemistry [60]. Li et al compared RGO and conventional Vulcan
carbon and found that using platinum nanoparticles in RGO has reduced agglomeration issues
and improved electrochemical performance comparatively. They have also reported high
stability of RGO with >95% retention of electrochemically active surface area (ECSA) even
after 20,000 ADT cycles [61].
Functionalized RGO sheets have comparable enhanced electrical conductivities and
electrocatalytic activities [62] due to interlayer charge and electron transfers. The
functionalized support material has strong interactions with the active sites and leverages its
morphological advantage to retain the electrochemical performance with minimized losses. N
doping is a commonly used functionalization strategy wherein the RGO lattice, N
functionalization creates a net positive charge among carbon networks to facilitate ORR
reaction by changing the O2 adsorption mechanism. Such strategies of charge polarization are
successful in driving the ORR reactions by accepting the electrons from the anode. Quantum
mechanics and DFT calculations have been performed to analyze the mechanism of charge
transfer facilitation by functionalization and have proved to improve the electron transfer rates
in carbon materials [63]. Grigoriev et al. has done extensive research with doping
modifications on RGO sheets with fluoride doping and found an increase in the current
densities for RGO support over Vulcan carbon for platinum material [64]. Apart from
heteroatom doping, using inorganic compounds such as Molybdenum disulfide (MoS2) with
RGO is reported to act as high performing ORR catalysts [65]. Researchers have used
alternative transition metal nanoparticles to the platinum-based, which has higher reduction
potential, excellent corrosion stability, abundant availability, increased electron transfer, and
kinetic rates. Nguyen et al. reported using the synergistic effect of alloyed transition metals
like iron and nickel in RGO support to achieve excellent onset potential (0.95 V) and halfwave potential (0.80 V) comparable to platinum catalysts. The group reported that from the
SEM and TEM analysis, the catalyst metals are densely attached with fewer dissolution effects
after accelerated degradation tests (ADT) [53].
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2.4 Methodologies for synthesizing catalysts
Electrocatalysts have been widely synthesized using various synthesis techniques that seem
promising in developing non-PGM catalysts. We will be focusing on widely used methods to
synthesize carbon-based catalyst materials and the process parameters used by researchers to
obtain desired catalyst properties. The first step in the catalyst design process begins with target
chemical and physical properties such as elemental composition, pore size/ volume,
distribution of active sites, etc., which are considered factors to yield high electrochemical
performance. The electrochemical performance of a catalyst generally increases with better
kinetic properties such as high porosity and specific surface area, uniform distribution, and
reduction potential of the active sites. The selection of the synthesis method and process is an
important requirement to develop a catalyst with target chemical and electrochemical property
and cost-effectiveness. After the selection of the synthesis method, the next step is to optimize
the process parameters and characterize the catalyst to analyze and tune the material to target
properties. Cost-effectiveness and large scale of manufacturability in catalyst development are
the main factors for the successful transition to a non-PGM catalyst development.
The material should be activated to act as an active electrocatalyst to perform anodic and
cathodic reactions of the fuel cell and several parameters should be considered in the design
process (Figure 2.3). The nature of precursor and support materials play a fundamental role in
activating the catalyst materials. For example, a good catalyst should possess higher electrical
conductivities, so it is better to select RGO over GO for this reason, due to lower oxygen groups
presence with RGO. Catalyst loading and its uniform distribution on the support material are
also important for the kinetic and electronic transfer of species in both the anode and cathode
sides of the fuel cell. Jean St-Pierre and Yunfeng Zhai reported that the reduction in platinum
loading PEMFC, not only increased the voltage losses but also led to severe contamination by
several organic species during the operation [67]. The intrinsic property of support materials
makes a big difference with the electron transfer rates and retention of active sites leading to
lower performance degradation. Jyoti Goel et al. prepared Pt-Ru catalysts supported on
mesoporous carbon nitride, MWCNT, heat-treated MWCNT, and traditional Vulcan carbon to
analyze the catalytic performance difference among different support materials and reported
maximum power density in the following order of catalysts: Pt–Ru/MCN > Pt–Ru/t-MWCNTs
> Pt–Ru/MWCNTs > Pt–Ru/Vulcan-XC [68].
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Figure 2.3: Parameters for activating catalysts materials to be electrochemically active.
Several different parameters like process conditions, nature of carbon and heteroatom precursors,
support-catalyst coordination, etc., are illustrated [66]

Process parameters of a synthesis process like temperature range, type of conditional gases,
process duration, nature of precursors used, etc., Precursor-support interaction is another
important parameter since the reactants get catalyzed to split electrons which has to interact
with carbon support to run through the external circuit, therefore, the interaction between active
sites and the support material must be strong and durable for continuous generation of output
power. The dispersion of active sites on the support material is vital from the synthesis
perspective for better attachment/ interaction with low transport resistance values [69]. These
catalyst activations parameters must be considered throughout the synthesis procedure and
optimization of the individual parameter to obtain the desired property will aid in the successful
development of high performing ORR catalysts [70][71].
23

Carbon-based catalysts are widely synthesized using the following methods and are
discussed in detail with literature for a better understanding of the selection and optimization
of process parameters:
a) Chemical Vapor Deposition
Chemical Vapor Deposition (CVD) is a popular and traditional way of synthesizing carbon
catalysts like CNT, graphene, graphite, N, S-doped materials, etc., CVD is also widely used in
industries for mass production, where a chamber with the presence of precursor/ shielding
gases are used to synthesize heteroatom doped carbon structures at high temperatures. Metal
substrates such as copper/ nickel/ aluminum are used in the growth and nucleation process of
carbon atoms [72]. Carbon precursors like methane or ethylene are used to break down the
carbon atoms to a different carbon structural form at high temperatures around 700- 1000 C.
Ammonia is a widely used nitrogen precursor to dope nitrogen atoms on to carbon lattices with
a definite structure. Inert gases such as argon and hydrogen are used as shielding gases to
separate various carbon structures like CNT or graphene from contaminants. CVD technique
has grown drastically with mass manufacturing of carbon materials which is a huge advantage,
however, utilization and disposal of toxic gases such as ammonia are challenging [73]. With
any high-temperature processes, there comes a challenge of reproducibility issues with the
material quality since temperature control at higher temperatures get difficult. Expensive
operation and maintenance along with safety issues of high-temperature operation and the
presence of metal impurities from the substrates hinder the utilization of CVD for high
performing ORR catalysts [46].
b) Pyrolysis
Pyrolysis, similar to CVD, decomposition happens with a solid precursor to recombine its
chemical bonds to form new carbon structures under the influence of high temperature and
shielding gases at constant flow rates. High temperatures up to 1000 °C are increased at
constant rates and are maintained at the desired temperature for few hours (usually 2 to 5 hours)
and cooled down to room temperatures [74][75]. Post-processing methods such as acid
leaching, washing, and drying of the catalyst material are performed several times to remove
residues attached to the pyrolyzed carbon material. Usually, after the post-processing, catalyst
materials are catalytically active with the presence of high graphitic property which
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enormously enhances its electrical conductivity. There are additional ways of enhancing
process parameters such as a) the second pyrolysis after post-processing [20][76], b) using
dopant precursor during the pyrolysis process to induce dopant atoms [77][78], and c) wet
chemical method to pre-process the precursor to tune its chemical and morphological
properties [79][31]. Highly porous materials such as ZIF-8 or ZIF-67 are used as precursors/
solid reactants in the wet chemical pre-processing synthesis procedure. Such versatility with
the pyrolysis technique makes this method appealing and aid in the discovery of catalytically
active non-PGM materials. However, major disadvantages such as expensive and complex
operation at high temperatures, reproducibility of quality catalysts, and inability to mass
manufacture are the challenges in adopting pyrolysis as a synthesis technique to fabricate costeffective electrocatalysts.
c) Ball milling
Ball milling technique is a new method for synthesizing catalysts that rectify hightemperature issues as we discussed with CVD and pyrolysis methods. Unlike these methods,
ball milling is performed at room temperatures, where a chamber is used to grind the solid
precursor using compatible crushing/ zirconia balls to produce an active catalyst particle. The
reactor rotates with optimal speed and duration to obtain catalysts with desired properties. The
process parameters such as carbon/ nitrogen precursors, speed and duration of operation,
condition of operation (dry/ wet), and pre/ post-processing techniques alter the property of the
catalyst produced [41][46]. Since it operates at room temperatures, it is relatively safe and
reliable with good reproducibility/ controllability. But this method has few disadvantages such
as contamination from the grinding media and inability to mass manufacture which is
important from an economic standpoint to commercialize non-PGM catalysts.
d) Wet Chemical Synthesis
Wet chemical synthesis is a simple and cost-effective method of synthesizing 2D/ 3D
nanomaterials in the solution phase between a reactive carbon template and a dopant containing
a molecule to form ORR catalysts. A wide range of catalyst materials like metal [80] and metal
oxide [81] nanocrystals, and Metal-Organic Frameworks [82][25] are also possible by wet
chemical methods. There are several types of wet chemical methods, namely, a) solvothermal/
hydrothermal synthesis [79], b) template synthesis [83], c) self-assembly [84] and, d) interface25

mediated synthesis [85]. In the hydrothermal method, a closed vessel containing a solvent
medium and precursor material is heated at high temperatures (only up to boiling points of
solvent) and pressures to synthesize desired ORR catalysts. No higher temperatures like in
pyrolysis are used which makes the hydrothermal method a safe and facile way of fabricating
carbon nanomaterials. In the self-assembly method, already synthesized nanomaterials in the
presence of a solvent assemble itself due to non-covalent bonds/ interactions like van der Waals
interaction or electrostatic force [37]. Template synthesis is similar to solvothermal synthesis,
where no pressure is involved (but at atmospheric pressure), and carbon precursors are used as
templates on which active catalysts particles are grown. Since most processes work at room
temperatures, there is a higher degree of safety, control over process conditions, and excellent
reproducibility. Wet chemical synthesis is emerging as promising methods to synthesize highyield and mass production of carbon catalysts for various energy applications and is vital for
the successful-economic transition to non-PGM catalysts [86]. Considering all the parameters
discussed in section 2.4, we decided to choose wet chemical template synthesis process for the
development of novel carbon based non-PGM catalysts in this thesis. So, in the design process,
we have selected the wet chemical synthesis technique to proceed with the N doping process
due to the reasons of effective doping, excellent control over reproducibility and process
parameters, and safe/ facile way of synthesizing carbon materials with a higher yield. In the
next section, various design strategies and principles in the catalyst development process for
carbon based non-PGM catalysts to give readers an understanding from the perspective of
catalyst design and development.
2.5 Design strategies for developing carbon-based catalysts
A design strategy for developing a novel catalyst material is important in the catalyst
development process and the successful development of the catalyst lies heavily on the rational
design and selection of synthesis technique that is tuned for better and cost-effective
electrocatalysts. In this section, we will discuss the design principles and factors for the
selection of catalyst materials to use as ORR non-PGM catalysts with adequate literature to
understand more about the enhancements with the catalyst designs. While discussing various
strategies, we will also review in detail about morphology/ composition control and
manipulation of precursors/processes to achieve remarkable ORR activity, selectivity (electron
number transferred), and catalyst stability. Challenges and opportunities to expand will be also
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be discussed so that the reader can generate their thoughts while reading the context. MetalOrganic Framework (MOF) materials are discussed in detail since we have used these potential
materials in the synthesis procedure. Choi et al. reviewed the synthesis strategy for RGO based
catalyst involving various active sites like transition metals/ metal oxides/ metal sulfides,
heteroatom doped RGO, and MOFs for ORR reaction [60]. Selection of support material is
vital on which the active sites are to be bonded with, and ideal support material should provide
strong catalyst-support interaction for faster kinetics and reaction rates and to speed up the
lethargic ORR reaction.
In general, carbon-based catalysts are widely used due to their high electrical
conductivities, fast electron transfer rates, excellent corrosion resistance, and large surface
area. Graphene has higher electrical conductivities and a large surface area, reasons for our
consideration as support material. When active sites with high reducing potentials and strongly
bonded to the support, after the catalysis, the split electrons will transfer fast for the next
consecutive reactions to take place, one such example is, MoS2 being used as an active site
(inorganic molecule) on RGO to perform faster catalysis [65]. The reason behind choosing
MoS2 molecules in the initial design process was due to the comparable near-zero H2
adsorption energy, similar value to that of platinum. RGO is used because of its ability to
strongly bond and interact with the active sites with minimum voltage losses. However, after
characterizing and testing the MoS2-RGO catalysts, it was found that the catalyst had poor
dispersion of active sites, low SSA, and electrical conductivity which led to poor
electrochemical performance stability. With these shortcomings, alternative solutions must be
considered to address the above-mentioned issues in the design process to develop better
performing catalysts. Chatti et al. reported that MoS2 crystals with an interspacing spacing of
9.5 A on (002) planes and vertically aligned on RGO helped enhance the electrochemical
performance to a high current density of 1.2 A g-1 [87]. Considering the above two research
work, the alternative solution for the former group could be using a pristine MoS2 crystal with
vertical alignment on RGO in their synthesis process might address their issues and thorough
literature and material characterization is essential in the design strategy process.
As we discussed in section 2.4, process parameters and precursor selection are very crucial
for determining the catalyst's chemical, morphological and electrochemical assessment with
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the literature knowledge which is considered in the initial phases of the catalyst design process.
After a thorough knowledge of the various support and catalyst materials, a relevant synthesis
method is selected (discussed in section 2.4) for synthesizing effective and cost-effective ORR
catalysts. With an example, Gao et al. synthesized (NH4)2MoS4 and GO precursors by
microwave-assisted heating at two different temperatures (200 and 240 C), where it was found
that the morphology and interlayer spacings were completely different for different
temperatures. After this characterization assessment, they speculated that there is an
improvement in the stability by using GO as their support material at 240 C. Due to the
additional C-O bonds and higher temperature (an activation source) that accommodated more
MoS2 crystals (active sites) and provided reasonable stability during electrochemical tests
[88]. In the upcoming sections, we will discuss more heteroatom doping, modifications using
Metal-Organic Framework materials, and doping of transitional metals separately since we
have adopted these strategies in our design process.
Section 2.5.1 discusses altering the electronic property of carbon materials by doping
heteroatoms like nitrogen, sulfur, phosphorus, boron, etc., Section 2.5.2 will talk about various
MOF materials to modify the morphology of the carbon materials. Controllability with the
tuning of electronic, structural, and chemical properties of MOF-based catalysts will also be
discussed. In section 2.5.3, doping of various non-precious transition metal ions/ particles and
their advantages compared to platinum catalysts are discussed in detail.
2.5.1

Heteroatom doping

Doping or functionalization is a strategy for tuning the surface chemistry and textural
properties of carbon materials to synthesize enhanced electrocatalysts. Doping heteroatoms
such as nitrogen, sulfur, phosphorous in carbon materials to alter the electron acceptor/ donor
properties will enhance the electron transfer rates, which play a vital role in ORR catalysis. In
this thesis, nitrogen doping is carried out on graphene and reduced graphene oxide supports to
tune the electronic and chemical properties of the carbon material, which directly affects its
electrochemical property. N atoms will replace a few C atoms in the sp2 carbon lattice
structures and generates additional free bonds for further chemical activity to take place. The
amount of N atoms attached depends on the intrinsic properties of the support and N precursor
material itself. The unsaturated carbon atoms at the edges of carbon layers and in-basal plane
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defects (created by doping) can easily react with compounds like nitrogen, oxygen, water
molecules, etc., The adsorption and catalytic property of the carbon material is altered due to
the contribution of π electrons in the edges/ basal planes providing additional electrons
necessary for the ORR reactions [89].
N doping parameters must be optimized for different carbon supports for an ideal
performing catalyst. The performance of N-doped catalyst material depends on the type of N
group doped onto the material and the desired N groups are, namely, graphitic-N, pyridinic-N
(6-member ring), pyrrolic-N (5-member ring), and oxidized N. Melamine is used as nitrogen
precursor in the synthesis procedure as dopant material for both support materials to compare
the effect of doping process, analyzed with material characterization techniques. Several pieces
of the literature suggest that Graphitic-N and pyridinic-N contribute to the enhanced
electrochemical activity, specifically, pyridinic-N improves the proton-accepting capacity due
to its charge neutralization effect.

Figure 2.4: Schematic representation of different types of N groups (pyridinic N, pyridinic NO, graphitic N, pyrrolic N) in N doped carbon materials with their corresponding binding energies
are shown [46].
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Various N groups with different binding energies doped on the carbon lattice are depicted
in Figure 2.4. Electrical conductivity and kinetic activity are greatly enhanced with graphiticN which supply more valence electrons. On the other hand, pyrrolic-N helps to reduce the
energy barrier of O2 adsorption thus increasing the ORR kinetics by facilitating the ratelimiting step [90]. Among various heteroatom dopants, the N dopant shows promising
modification with carbon materials to boost electrocatalytic activity and generate free bonds,
therefore

creating

a

possibility

to

develop

hybrid

electrocatalysts

[45][91][39][92][40][46][20][53]. N atoms have an additional advantage over other dopant
atoms, that they can coordinate with transition metals with relative ease to strengthen the bond
to form M-N-C active sites [93][94]. The degree of improved performance is higher in Ndoped carbon materials over other materials is due to higher electronegativity (χN = 3.04) over
others (χB = 2.04, χc = 2.55, χs = 2.58) [95]. The synergistic effect of N bonding and transition
metals are discussed in section 2.8. Active sites are the driving force for both HOR and ORR
reactions to accelerate the catalytic reactions to coordinate with the support material for
continued catalysis. It is still unclear about the mechanisms behind the active site in driving
the reactions, but adequate research must be carried out to discover the science behind the
principles of active sites. Zhou et al. reviewed probing active sites for N doped carbon catalyst
materials to understand ORR reaction mechanisms [96]. To study the effect of nitrogen doping,
Wong and Lee et al. reviewed recent progress for N-doped carbon materials and reported
higher catalytic performance after N doping for acidic and alkaline fuel cell applications
[97][46]. Qing et al. studied the effects of N doping in graphene and proposed an effective
strategy of selectively doping with only pyridinic-N atoms to increase its composition
drastically in the catalyst [14]. A carbon framework named hydrogen-substituted graphdiyne
was used as a carbon support material to focus target the pyridinic-N atoms for doping into the
framework. The position of carbon atoms in the benzene ring aids in targeting the pyridinic-N
group when doped with NH3 gas at 1000 °C and the group reported comparable
electrochemical performance in acidic medium to that of the platinum catalyst.
Density Function Theory (DFT) was used to compare the catalytic efficiency of graphdiyne
(only pyridinic-N) with N-doped graphene (all N-groups) and reported effective oxygen
reduction with a pyridinic-N group [14]. Yazici et al. used the CVD method to fabricate Ndoped graphene catalysts using NH3 gas as a nitrogen precursor for ORR applications. The
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research group reported that the enhanced ORR activity is due to the graphitic-N and pyridinicN groups present in the catalyst, confirmed by XPS analysis [38][41]. Jianglan Shui et al.
synthesized N-doped graphene/CNT hybrid catalyst with pyrolysis at 800 C/NH3 gas for 3
hours and reported a limiting current of 2000 A g−1 at 0.1 V, and a peak power density of 300
W g−1 (single-cell fuel cell tested), which is comparable to the platinum values [98]. Zhuang
et al. optimized the N-doped graphene catalyst by ball milling GO and melamine as precursor
materials with mill speed and duration of the mill to characterize various sets of samples. They
found out that higher performance of the catalyst was due to high N%, smaller particle size,
and higher porosity that led to optimal catalyst with electron transfer number (n) of 3.95 and
limiting current density (Jk) of 4.2 mA/cm2 which is comparable to 10% Pt/C (n=4 and Jk=
4.34 mA/cm2).
Researchers have synthesized adopted using wet chemical synthesis techniques for the N
doping process that led to a simpler way of synthesizing cost-effective catalysts with higher
yield and excellent reproducibility. Zhang et al. utilized the wet chemical method as an
alternative solution to high-temperature processes to fabricate ORR active N-doped RGO using
GO template and dicyandiamide as precursors at 180°C. N-RGO catalyst synthesized by
template synthesis process had Jk of 3.7 mA/cm2, performance similar to non-PGM catalysts
synthesized with high-temperature processes and therefore the group has achieved with a safe
and cost-effective process [79]. N-doped graphene sheets were fabricated by hydrothermal
reduction with dual nitrogen precursors, hydrazine, and ammonia to synthesize catalysts with
N% up to 5%. The temperature used in the process was 160 °C which produced a higher
catalyst yield compared to other high-temperature processes, thus, wet chemical process could
be used for large-scale manufacturing of ORR catalysts. XPS results report that dual nitrogen
source had more pyridine N content (5.2%) incorporated into the carbon matrix than a single
source (N content of 4%) [52]. Wet chemical synthesis is widely used as a pre-processing step
before pyrolysis mainly due to excellent controllability with the chemical composition and
higher yield of precursor (N-doped carbon materials). Chen et al. used wet chemistry technique
to self-assemble melamine and ZIF material as a precursor to pyrolysis which increased overall
N% and pyridinic N% (among all N groups) up to 12% and 46% respectively [99].
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In the next section, we will discuss MOF and ZIF (subclass of MOF) materials along with
the synthesis processes used to fabricate catalytically active ORR catalysts. We will also talk
about various strategies considered in the design process toward the development of hybrid
composites.
2.5.2

Modification using metal-organic frameworks

Metal-Organic Frameworks (MOF) are porous materials that are made up of metal ions in
the center strongly bonded by organic ligands connected to form metal-ligand frameworks.
Mostly in all MOF materials, organic ligands are connected to the edges and the center,
forming rigid frameworks that are susceptible to high temperatures, high porosity, and high
SSA. MOFs are gaining interest due to the wide range of applications and a wide variety of
MOF materials (2000 different types of MOFs) that are available [100]. Zeolite Imidazole
Frameworks (ZIF), a subclass of MOF is the most used MOF in the field of electrochemistry
and sensing applications. ZIF material is used as catalyst material as well as N precursor since
the organic ligand consists of 34% nitrogen content that is beneficial in reducing the redox
potential of the metal ion [39]. With the N-ligand withdrawing more electrons from the metal
ion, it results in increased bond strength between them [82]. ZIFs are widely used in
applications such as fuel cells, batteries, gas storage, sensors, water treatment, supercapacitors,
and drug delivery, thus, the popularity of MOFs tends to increase as cost-effective and widely
applicable materials. In the field of electrochemical research, ZIFs has become inevitable due
to several reasons: large SSA (up to 10,000 m2/g), high porosity and pore volume,
mechanically rigid framework, good charge mobility, and tunable chemical and electronic
modification. Figure 2.5 (a to h) shows x-ray structures of different members of the Zeolite
Imidazole (ZIF) family with stick (left), tiling (center), and molecular structure (right)
diagrams.
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Figure 2.5: Single-crystal x-ray structures of eight members of the ZIF family shown from (a)
to (h). ZIF structure is shown as a stick diagram (Left) and a tilling diagram (Center) for all ZIF
members. (Right) The largest cage for each ZIF is shown with ZnN4 tetrahedra in blue, InN6
octahedra in red and pore size in orange [101]

Due to their versatility in electrochemistry, ZIFs are used as electrocatalysts for OER and
HER reactions, supercapacitors, Li and Li-air batteries, and many other energy applications.
ZIFs have shown exceptional catalytic performances comparable to that of platinum catalysts
[102][41][99], thus, MOFs could be the potential alternative non-PGM catalysts for fuel cell
applications. Rational design strategies should be considered with adequate literature to
proceed with the catalyst design and synthesis procedure [90]. In this section, we will review
the literature involving different MOF materials as ORR catalysts with in-depth documentation
of ZIF-8 materials, since we have used ZIF-8 in our catalyst development. From this section,
the reader will understand the importance of the selection of MOF materials, synthesis process,
and process optimization. Lee et al. reported a high selectivity of 3.95 and a comparable current
density of 5.02 mA/cm2 ball milling GO and ZIF-8 materials in alkaline media [41].
MOF materials are widely used to modify carbon materials to enhance its chemical,
physical and electrochemical properties. The enhancement with higher porosity and addition
33

of N content helps in the dispersion of active sites to evenly distributed within a porous carbon
matrix [103][41]. MOFs are mostly synthesized by a wet chemical process where functional
molecular units get self-assembled from the precursor materials in the presence of an aqueous
solvent. The synthesis parameters like precursor materials, nature of the solvents, and duration
of synthesis process are optimized to obtain desired particle size/shape, metal ion to ligand
concentration, electrical and ionic conductivity, and material yield. After MOF materials are
synthesized, post-processing techniques or MOF-derived catalysts materials are obtained using
different synthesis techniques, discussed earlier in section 2.4. Pyrolysis is one such method to
fabricate N-doped carbon catalysts, usually pyrolyzed at high temperature ranges of 800 °C to
1100 °C [104][40]. During the high-temperature processes, N organic ligands in ZIF gets
converted to N atoms in the lattices of graphitized carbon. You et al. used ZIF-67 to pyrolyze
cobalt ions to obtain Co-N-C catalyst and suggested that higher N content was derived from
the N-ligands [82]. Similarly, Zhuang et al. synthesized N-doped carbon catalysts with preprocessed ZIF-8 as precursor material that enhanced porosity and N content. Ball milling was
used to process GO and ZIF-8 materials to synthesize OOR catalysts with higher selectivity
and kinetic limiting current densities higher than 10% Pt/C in alkaline media [105].
Significant improvement in electrochemical performance has been reported with ZIF
modification that improved the electron transfer number from 3.87 (N-graphene) to 3.93 (Ngraphene-ZIF) and current density from 4.1 mA/cm2 to 5 mA/cm2 respectively. BET surface
area of the graphene catalyst after the modification has increased from 26 m2/g to 1732 m2/g
which has an enormous effect with enhanced kinetic reaction rates in ORR [46][41]. The
carbonization of MOF materials by pyrolysis is considered to increase the electrical
conductivity by altering the graphitic property of precursor material. However, the control over
reproducibility with chemical, electrical, structural, and electrochemical properties of the
synthesized catalysts are difficult. Li et al. used melamine as N precursor using wet chemical
technique and pyrolysis to synthesize Fe3C/Mo2C@N, P-dual doped carbon catalyst and the
same strategy can be extended to derive using MOFs [106]. For the pyrolysis process,
temperature, duration, nature of precursor, pre-processing, and post-processing remain top
parameters during the initial design process. For example, You et al. investigated the
electrochemical performance of Co-N-C catalysts (derived from ZIF-67) and carbonized ZIF8 catalysts, where Co-N-C catalysts perform electrochemically better (half-wave potential of
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0.871 V) compared to carbonized ZIF-8 catalysts (half-wave potential of 0.81 V). The group
concluded that the combined pyrrolic and pyridinic content is ~90% for Co-N-C compared to
78.3% for carbonized ZIF-8, which led to higher current densities [82].
Certainly, the process parameters and precursor selection should be optimized to
selectively dope the right proportion of ideal N-species (graphitic-N and pyridinic-N) needed
for high catalytic performance. Uniform dispersion of active sites with minimized
agglomeration and sintering issues also plays a major role in the performance [107]. In the
above example, precursor selection was prioritized for optimal performance, however, if there
is a potential for further enhancement with other process parameters, it must be pursued.
Researchers have optimized several process parameters like furnace temperature, pyrolysis
duration, heating/cooling rates, and nature of inert/dopant gases to achieve high performing
and durable electrocatalysts [108][40][109]. ZIF-8 has the most N% content among other ZIFs,
therefore acts as N precursor with excellent structural and stability properties which makes
ZIF-8 the most widely used MOF material. Pyrolysis converts the organic ligands to highly
graphitized N-doped carbon materials, however, the reproducibility and catalyst yield hinders
to utilize them for an abundant and cost-effective way of synthesizing non-PGM catalysts.
Therefore, a wet chemical process is used in this research to hybridize ZIFs and carbon
supports to synthesize active ORR catalysts with high porosity and conductivity. The hybrid
composite material is developed by chemically growing ZIF-8 on to the carbon support
materials by chemical attachment with strong catalyst-support interactions. High conductive
supports like graphene, carbon nanotubes, reduced graphene oxide, graphite, etc., are widely
used in the process to develop electrically and electrochemically active porous structures
[41][22]. The wet chemical process usually involves low temperatures and pressures in the
facile way of producing catalysts with higher yield%. Zhang et al. found an alternative
synthesis technique using a template-assisted wet chemical process that produces N-doped
RGO catalysts without high-temperature pyrolysis with an additional process of inducing iron
nanoparticles with enhanced current densities up to 5.7 mA/cm2 [79]. Al-Zoubi et al.
synthesized dual ligated Cd-Fe-DABCO-TPS MOF from different Cd and Fe containing
precursors and ligand containing molecules to self-assemble. The as-synthesized MOF
material is increased with the N content by N doping with 1, 10-phenanthrolin to synthesize
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N-doped carbon catalysts on which extensive study of active site distribution was analyzed
with XPS and TEM characterization techniques [110].
A thorough analysis of active sites for MOF materials will help to understand the
mechanisms of ORR catalysis, which will help the research community to develop ideal ORR
catalysts cost-effective and sustainable as opposed to the precious metal-based catalysts. In the
next section, we will talk more about the transition metal-based catalysts which are promising
alternatives to the platinum-based due to its high reduction potentials and hybridization with
alloying/ doping strategies.
2.5.3

Transition Metal-Nitrogen-Carbon (M-N-C) catalysts

Platinum and other noble metals have been used traditionally as catalyst particles for fuel
cell applications, however, such utilization of expensive metals have increased the
manufacturing costs of fuel cells [111]. Multiple solutions have been explored for alternative
materials like carbon-based [17], MOF based [112][41], metal oxide-based [22], platinummetal alloy based [113] and transitional metal-based [34][31][76] catalysts. Among several
non-PGM catalysts, transition metal-based or M-N-C type catalysts are one of the most
promising for the ORR reactions due to their unique electronic properties and excellent
reducing potentials (+0.77 V) comparable to the platinum material (+1.23 V). Iron is doped to
the imidazole framework before MOF modification on RGO support to understand the effects
of transition metals on the chemical, physical, and electrochemical properties of RGO supports.
Transition metal-based carbon catalysts show promising results in terms of ORR performance
and durability, comparable or exceeding the conventional platinum catalysts. Transition metal
catalysts are nomenclature as M-N-C catalysts (M= non-noble transition metal), which
generally has N atoms doped onto the carbon structure to create MN4 type of active site for
ORR reactions [47]. Carbon composition in this type of catalysts are obtained in two ways: a)
using carbon support material and doping transition metal particles, and b) catalysts derived
by high-temperature processes with metal precursors. Similarly, N atoms are incorporated by
pre-processing techniques or by pyrolyzing N precursors, which depends on the design plan
for catalysts development. However, each of these processes comes with both advantages and
disadvantages. For example, high-temperature processes will carbonize the precursor
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composition and disrupt the structure, so optimization of process temperature is vital to obtain
optimal N and M contents in the catalyst [53].
Transition metals are receiving enormous attention as electrocatalysis due to their
exceptional catalytic and charge transfer properties [114][91] [99][104][115]. Transition metal
particles are widely used on carbon supports such as CNTs [33], graphene nanomaterials [116],
Vulcan carbon [116], RGO [58], etc., and the synergistic effect of strong carbon-metal
interaction is a major reason for high catalytic activity and durability [20]. Likewise, N doping
and transition metal work collaboratively with the uniform dispersion of active sites with fewer
agglomeration of metal particles [117]. M-N-C type catalyst was first used by R. Jasinski in
1964 with cobalt phhalocyanine as cathode catalysts for alkaline fuel cells [118]. After then,
several other transition metals such as Fe, Ni, Mn, Cr, etc., were investigated to be effective
electrocatalysts. With M-N-C type catalysts, pairs of four N atoms coordinate with one central
metal atom to act as ORR active sites. With the context of MOF materials, widely used ZIFs
have metal ions at the center of the framework, which suits well to be considered in the design
process for developing M-N-C type catalysts.
By the wet chemical method, ZIF materials such as ZIF-8, ZIF-6, ZIF-67 crystals, etc., are
synthesized which are directly or indirectly (with post-processing methods) used as ORR
catalysts. The catalytic property of the MOF based M-N-C catalysts depends on the reduction
potentials of the metal ion and the electron density of the ligands, which greatly affects the
ORR process. Increased redox potentials of metal complexes/ ions have directly enhanced the
electronegativity of the metal particles (active sites) resulting in increased ORR catalytic
activities [119]. The conversion of metal-based complexes to metal particles in the carbon
matrix can be obtained by the high-temperature pyrolysis process [93][24]. It is reported by
Zelenay et al. that ORR activity of transition metals as M-N-C type catalysts are in the
following order: Fe > Co > Ni > Cu > Mn [110]. Choi et al. also synthesized a series of M-NC catalysts and found that the ORR activity, in terms of the half-wave potential of the catalyst
series follows this order (Figure 2.6 (a)): Fe > Co > Zn > Mn > metal-free N-doped catalyst >
Cu > Ni from which a relation between electrochemical performance and structural property
of the transition metal could be observed [120]. It is also vital to note the correlation between
BET surface areas of catalyst series (Figure 2.6 (b)) and we can observe that effective surface
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areas help in catalytic activities. Zhao et al. used ZIF-67 MOF to dope cobalt metal particles
using pyrolysis to synthesize Co-N-RGO catalysts and reported performance enhancement of
onset potentials and current densities of up to 1.48 V and 10 mA/cm2 [23].

Figure 2.6: (a) Comparisons of Half-wave potentials of different transition metals in alkaline
electrolyte indicating comparable catalytic performance with the platinum material. (b) BET
surface area comparison of the transition metals indicating a higher surface area of Fe in
promoting electrochemical performance observed in Figure 2.6(a) [120]
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With parameter optimization considered, there are several techniques used by researchers
to improve ORR activity by additional post and pre-process methods. Metal-doping and
heteroatom doping is utilized for the precursor material to tune chemical, morphological, or
electrochemical property. For example, Zhao et al. synthesized Co@Co-N-RGO catalyst by
cobalt doping using a wet chemical ultrasonication process to increase cobalt content from
2.44% to 3.59%, exhibiting a higher kinetic current density of 26.7 mA/cm2 exceeding 20%
Pt/C catalysts [114]. Chen et al. used a cage-encapsulated-precursor strategy by doping Iron
(Fe) into the pores of ZIF-8 MOF, inducing dual metal ions such as zinc and iron maintaining
the framework structure. Wet chemical synthesis was used to synthesize Fe-ZIF precursor,
followed by a wet chemical process using melamine (as N precursor) to dope nitrogen atoms
into the Fe-ZIF precursor. Nitrogen enriched Fe-ZIF-8-melamine composite is pyrolyzed is
convert to a graphitized M-N-C type (Fe-N-C) catalysts with a higher N% compared to nonmelamine treated catalysts [99]. The group reported excellent half-wave potentials in alkaline
(0.88 V vs 0.85 V for Pt/C) and acidic medium (0.78 V vs 0.80 V or Pt/C). Fe-N-C catalysts
are synthesized by thermally decomposing GO, urea, and iron acetate to dual dope N, Fe in the
material. Ammonia was released during the process that generated additional porous structures
on catalysts morphology which enhanced the BET surface area from 658 m2/g to 2121 m2/g
and pore volume from 0.63 cm3/g to 2.11 cm3/g [121].
Xia et al. synthesized a single Fe atom on CNT support material by heat-treating the iron
and carbon precursor materials under NH3 (N dopant) atmosphere. Recent research has
demonstrated that a single atom transition metal catalyst (x= 1) proves to be more active and
stable than metal compounds. Achieving single atom transition metal catalysts is extremely
difficult and unlikely due to the higher possibility of the individual metal atom to form
compounds (MN4 type) at higher temperatures. To address this challenge with the development
of the single-atom metal active site, Li et al. used the Secondary-Atom-Assisted synthesis
method to prepare primary Fe sites on N-doped carbon nanowires. Primary Fe metal ions are
surrounded by secondary metal ions (Al, Zn or Mg) which acted as sacrificial templates for
pore formation, gets reduced by pyrolysis to form Fe-N-C (named Fe-NCNWs) type catalyst
with single-atom Fe. Synthesized Fe-NCNWs exhibited an impressive half-wave potential and
kinetic current density of 0.91 V and 6 mA/cm2 in alkaline media and 0.82 V and 8 mA/cm2
in acidic media, respectively. DFT calculations showed ORR activity from single-atom iron
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sites exceeds the compound iron sites due to a decrease in the efficient reduction with the
energy barrier for ORR reaction [122]. Single-atom Co catalyst was synthesized by Yin et al.
by pyrolyzing bimetal (Zn/Co) ZIF precursor which showed an excellent half-wave potential
of 0.88 V (0.811 V for Pt/C) and outstanding chemical and thermal stability resisting sintering.
Durability tests report no reduction in half-wave potential even after 5000 cycles which
acknowledges exceptional stability [93].
By incorporating non-precious transition metals in the cathode catalysts, electrocatalytic
performances are enhanced, thus, paving ways for a cost-effective transition to non-PGM
catalyst materials with comparable performance and durability.
2.6 Summary
From chapter 2, we understood broad literature behind various catalyst materials like
platinum-based, carbon-based, MOF-based, and transition metal-based to gain vital and
fundamental insights on the electrochemical concepts, challenges, and the necessities for a
transition to non-PGM catalysts. The widespread utilization of PEMFCs is greatly hindered by
the challenge/ limitation of commercial realization and therefore solving the issues of the highcost platinum catalyst with an alternative cost-effective catalyst material might solve the issue.
Chapter 3 will cover the experimental methods used for the synthesis and characterization of
the novel electrocatalysts synthesized in this thesis. Section 3.1 will discuss in detail the
synthesis procedures used for N doping, MOF modification and transition metal doping for
graphene and reduced graphene oxide supports. Various characterization techniques like FTIR,
XRD, SEM, EDX, Cyclic voltammetry and Raman spectroscopy are utilized to characterize
the chemical, physical, and electrochemical properties of the synthesized catalysts will be
explained to the reader to help understand the principle working and the necessity of such
techniques.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF NON-PGM
CATALYSTS
3.1

Wet chemical synthesis of catalyst materials

In the first part of this chapter, synthesis procedures for individual catalyst materials viz.,
N-GR-ZIF, N-RGO-ZIF, and N-RGO-Fe-ZIF are discussed in detail with observations. Step
by step synthesis procedure of different carbon support materials is explained along with the
synthesis of Metal-Organic Framework materials and its modification with carbon supports
and transition metal particles. RGO materials are synthesized using two methods, first,
Modified Hummers method to prepare GO films which were synthesized by oxidation and
chemical exfoliation of graphite materials. Second, the chemical reduction of oxygen groups
from GO using hydrazine monohydrate to synthesize RGO supports. The property of RGO
materials solely relies on the two methods discussed above, with efficient processes that will
yield RGO materials with large, wrinkle-free, and single-layered sheets with less oxygen
content. Such an ideal synthesis of materials requires optimal process parameters and thorough
knowledge of the controllability of the parameters. The synthesis procedure followed for GO
and RGO materials will be discussed in sections 3.1.1 and 3.1.2 respectively.
N doping and MOF modification synthesis procedures are explained in sections 3.1.3 and
3.1.6 respectively. ZIF materials, a subclass of MOFs, is used in the synthesis of N-GR-ZIF
and N-RGO-ZIF materials, and the relationship between N doping and MOF modification
strategies are understood with an evaluation of the material properties. Various
characterization techniques such as FTIR, XRD, Raman spectroscopy, and SEM are used to
distinguish physiochemical and electrochemical properties of different catalyst samples.
Similar strategies and synthesis procedures were followed in the design process for the
development of N-GR-ZIF and N-RGO-ZIF materials which will provide a broader
perspective of the influence of processes and precursor materials on two different carbon
materials.
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The similar wet chemical process of N doping and MOF modification as discussed in
sections 3.1.3 and 3.1.6 respectively were followed to synthesize N-RGO-Fe-ZIF samples.
ZIF-8 material in the MOF modification is replaced with Fe-ZIF-8 while the synthesis
procedure is the same. Incorporation of transition metals in carbon materials usually needs high
temperatures to activate metal particles in the support material for stronger metal-support
interactions. However, we have used a wet chemical process to incorporate metal ions during
the MOF synthesis in a facile way and with excellent controllability and reproducibility with
the material yield. The synthesis procedure of doping Fe metal ions onto the pores of the
imidazole framework will be explained in detail in section 3.1.5. Section 3.2 covers the
characterization techniques used in this research to analyze the chemical composition,
crystalline structure, microstructure, and other physical properties of the synthesized catalysts.
3.1.1

Synthesis of Graphene Oxide (GO)

Natural graphite flake (98% purity), Potassium permanganate (KMnO4), Hydrogen
Peroxide (30% H2O2) Sulphuric acid (98% H2SO4), and Phosphoric acid (98% H3PO4) were
procured from Sigma Aldrich (analytical grade quality) for preparation of GO. Graphene Oxide
(GO) is synthesized following the Modified Hummers method [123] as illustrated in Figure
3.1. A solution containing a mixture of 30 mL H2SO4, and 40 mL of H3PO4 was added into a
mixture containing 3g Graphite and 18g KMnO4. The reaction process is an exothermic
reaction which will increase the temperature up to 40 °C. After an hour, the reaction was stirred
continuously for 12 hours at 50°C in an oil bath and then cooled at room temperature. To the
resulting solution, which was kept in an ice bath, 3 mL of 30% H2O2 was added. Later, the
solution is filtered by a fritter to separate precipitates and is consecutively cleaned with DI
water and ethanol solutions. GO film is obtained once the washed precipitate is dried under
vacuum overnight.
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Figure 3.1: Schematic of the preparation of GO material using the Modified Hummers method
[124]

3.1.2

Synthesis of Reduced Graphene Oxide (RGO)

The synthesis is carried out following the reported procedure [125]. GO platelets were
suspended in DI water (3 mg/mL) by sonicating the solution for 4 hours. Once, the particles
are thoroughly suspended, hydrazine monohydrate (1μL for 3 mg of GO) was added to the
solution for the reduction process to take place. The resulting solution is stirred constantly at
80 °C for 12 hours in an oil batch and then cooled down to room temperatures. The resulting
solution is filtered out to obtain the precipitated and the solid particles were washed several
times with DI water and ethanol before drying in a vacuum oven for 12 hours to obtain RGO.
The change of chemical bonding with GO and RGO along with the reduction process is shown
in Figure 3.2.
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Figure 3.2: Chemical reduction to RGO via wet chemical synthesis procedure using hydrazine
monohydrate. Epoxide and hydroxyl groups are drastically reduced in the procedure to eliminate
oxygen groups [125]

3.1.3

Nitrogen doping of carbon supports

N doping is carried out for both graphene and reduced graphene oxide support materials
where a similar doping process was being followed. 1 g of RGO/ GR (carbon support) sample
is suspended in DI water (1 mg/ mL) by sonicating the solution for 5 hours. Different sonication
durations (1hr, 3hr, and 5hr) were initially performed for the doping process and are optimized
with a 5hr sonication period by confirming with successful doping of N atoms. Graphene (6-8
nm thick) was commercially procured from SkySpring Nanomaterials. To the suspended
solution, melamine (nitrogen precursor) is added to dope the carbon materials for different
ratios of nitrogen: carbon (Nx: Cy, where x & y are masses of respective precursors). After
adding melamine, the solution is constantly stirred at room temperature for 12 hours, followed
by sonication for 1 hour. The solution is then centrifuged at 9000 rpm for 5 minutes to separate
the precipitate from the supernatant solution and the solid material is washed several times
with DI water, followed by drying overnight at 80°C.
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Figure 3.3: The figure shows the N doping process selected for doping carbon materials with
graphene as a precursor shown. Wet chemical synthesis is used to dope N atoms on the graphene
lattices and the N-doped graphene material is shown with several N groups in the lattice structure.
The same method is used for reduced graphene oxide supports [126]

Figure 3.3 shows the illustration of the N doping process with graphene as a support
material to obtain N-doped graphene materials which consist of various N atomic groups
(pyridinic, graphitic, pyrrolic, and pyrazole) that contribute towards the ORR catalysis. In
section 2.5.1, we already discussed the literature of N groups that helps with the catalytic
enhancement of carbon materials by tuning their electrotransfer properties. Five samples with
N/C ratios of 0, 0.5, 1, 1.5, and 2 were synthesized following the sampling procedure to obtain
five sets of samples. The samples were named NxGRy for N doped graphene samples and
NxRGOy for N doped RGO samples. From N doping, the following samples of graphene
support (N0-GR1, N0.5-GR1, N1-GR1, N1.5-GR1, N2-GR1) and reduced graphene oxide
(N0-RGO1, N0.5-RGO1, N1-RGO1, N1.5-RGO1, N2-RGO1) were synthesized. Samples
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with different N ratios were synthesized to evaluate the effect of N doping by analyzing
chemical and physical properties, and electrochemical performance of the catalyst material
using the characterization techniques discussed in section 3.2.
3.1.4

Synthesis of ZIF-8 materials

Zeolite Imidazole Framework (ZIF-8) is synthesized using a wet chemical method where
Zinc Nitrate (Zn(NO3)2.6H2O) and 2-methylimidazole (C4H6N2) was used as zinc and ligand
precursors in the synthesis procedure. Initially, 0.935 g of zinc nitrate and 3.245 g of 2methylimidazole were dispersed separately in 100 mL of methanol solution by stirring at room
temperature for 30 minutes. Then the dissolved zinc nitrate solution was added dropwise the
2-methylimidazole solution, while the latter solution is stirred vigorously. During this addition
process, zinc metal ions from zinc nitrate and the N ligands from 2-methylimidazole selfassemble to form zinc-ligand frameworks called ZIF-8.

Figure 3.4: Illustration of preparation of Zeolite Imidazole Framework (ZIF-8) material using
the wet chemical method and ZIF-8 material on the right side shows the porous structure with the
structural arrangement of several atoms in the framework

Change of color transparent solution to cloudy white is observed in Figure 3.5 with an
increase in the color intensity indicating an increase in ZIF-8 yield. Zinc ions get attached to
the pores of the methylimidazole ligands in the methanol solution with a resultant structural
arrangement of ZIF-8 crystals consisting of zinc ions coordinated by four imidazolate rings
(Figure 3.4). The resulting solution is centrifuged to obtain ZIF-8 crystals, which is washed
several times by methanol and dried in a vacuum oven at 80 °C overnight. After the sample is
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dried, it is weighed on a weighing scale to find the yield of the synthesis process. ZIF-8 yield
was found to be 0.52 g and the material used in the MOF modification procedure to synthesize
novel ORR catalysts (N-RGO-ZIF and N-GR-ZIF) is further discussed in section 3.1.6.

Figure 3.5: Image showing the change of color from transparent (Right) to milky white with
the addition of zinc nitrate solution in the formation of ZIF-8

3.1.5

Synthesis of Iron doped ZIF-8 (Fe-ZIF-8) materials

Fe-ZIF-8 material is synthesized by doping Fe metal ions onto the pores of ZIF-8 material
by simultaneous doping of Fe and Zn ions during the wet synthesis procedure. Zinc nitrate
hexahydrate (Zn(NO3)2.6H2O) and 2-methylimidazole (C4H6N2) and Iron (III) acetylacetonate
(C15H21FeO6) chemicals were procured from Sigma Aldrich (analytical grade, 98% purity).
C15H21FeO6 and Zn(NO3)2.6H2O were used as iron and zinc precursors to dope iron and zinc
metal ions in the synthesis process as shown in Figure 3.6. Initially, 2.628 g of 2methylimidazole and 0.706 g of iron acetylacetonate is dispersed in 100 mL of methanol
solution by stirring the solution at room temperature for 2 hours.

47

Figure 3.6: Illustration of preparation of Iron-doped Zeolite Imidazole Framework (Fe-ZIF-8)
material using wet chemical method

Figure 3.7: Image of synthesis procedure carried out for Fe-ZIF-8 synthesis and the change of
color with the addition of zinc nitrate and iron acetate solvents in the imidazole solution

48

Similarly, 1.188 g of zinc nitrate is dispersed in 100 mL of methanol solution by continuous
stirring and is added dropwise to the former solution while it is stirring. The resulting solution
is stirred continuously for 3 hours and a change of color from dark red to light red is observed
(refer Figure 3.7), which indicates the increased concentration of zinc in the final reacting
solution. The resulting solution is centrifuged to obtain the precipitation salts and is washed
several times using DI water and ethanol solution to clear the impurities. The obtained salts
were dried in a vacuum oven at 80 °C overnight to obtain Fe-ZIF-8 material. The yield of FeZIF-8 salt obtained is around 0.43 g, which is used in the MOF modification to synthesize NRGO-Fe-ZIF catalysts, as discussed in the next section.
3.1.6

MOF modification using ZIF and Fe-ZIF materials

For the synthesis of novel ORR catalyst material, already synthesized N doped carbon
materials (N-GR and N-RGO), ZIF-8, and Fe-ZIF-8 materials are used in the synthesis
procedure. It is to note that a similar procedure is followed for the two carbon support materials
separately to uniformly disperse MOF particles as active sites. First, 100 mg of N doped carbon
support material (N-GR/ N-RGO) is dispersed in 100 mL of methanol solution and sonicated
for 5 hours. Similarly, 100 mg of ZIF-8 salt is dispersed in 100 mL of methanol solution by
sonication and the MOF solution is added dropwise to the solution containing dispersed NGR/ N-RGO stirred for 3 hours at room temperature. This procedure allowed MOF molecules
to chemically attach by reacting with the carbon templates (N-GR/ N-RGO) in the solution
phase (methanol). The resulting solution is centrifuged at 9000 rpm for 5 minutes to separate
the precipitate salts from the supernatant solution. The solid particles were washed with DI
water and ethanol several times and dried in a vacuum oven overnight at 80 °C to obtain NGR-ZIF/ N-RGO-ZIF material.
The MOF modification process of modifying carbon materials with ZIF-8 is explained in
Figure 3.8 with graphene material considered as carbon support. The catalyst material is named
based on their expected composition as Nx-Cy-ZIFz, where x, y, and z are the mass weights of
a nitrogen precursor, carbon precursor, and ZIF-8 materials used in the synthesis. From this
procedure, graphene-based catalyst (N0-GR1-ZIF, N0.5-GR1-ZIF1, N1-GR1-ZIF1, N1.5-GR1ZIF1, N2-GR1-ZIF1) and reduced graphene oxide-based catalyst (N0-RGO1-ZIF1, N0.5-RGO1ZIF1, N1-RGO1-ZIF1, N1.5-RGO1-ZIF1, N2-RGO1-ZIF1) samples were synthesized with
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different N/C loadings. A similar procedure is followed for N doped reduced graphene oxide
catalysts (N-RGO) with Iron doped ZIF-8 materials (Fe-ZIF) to obtain Nx-RGOy-Fe-ZIFz
catalysts, where x, y, and z are the mass weights of a nitrogen precursor, carbon precursor, and
Fe-ZIF-8 materials. RGO based catalyst samples with transition metal-doped (N0-RGO1-FeZIF1, N0.5-RGO1-Fe-ZIF1, N1-RGO1-Fe-ZIF1, N1.5-RGO1-Fe-ZIF1, N2-RGO1-Fe-ZIF1) were
synthesized using the same procedure.
With the MOF modification process, three sets of samples (N-GR-ZIF, N-RGO-ZIF, NRGO-Fe-ZIF) with different N loadings were synthesized as ORR catalysts to understand the
effect of N loading and MOF materials by analyzing the characteristics of the chemical,
morphological and electrochemical properties of these samples. After completion of the
synthesis of these new materials, these were characterized for their composition, structure,
microstructure, and other electrochemical properties. These characterization techniques are
explained further with their working principle and equipment used in the following section.

Figure 3.8: Illustration of preparation of Nitrogen-doped carbon materials modified with ZIF8 catalysts with graphene nanoparticles used as carbon precursors. A similar wet chemical method
is used for reduced graphene oxide supports in the modification process [41]
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3.2 Characterization techniques
In this section, various characterization techniques were used to analyze the chemical,
crystallographic, morphological, and electrochemical properties of the synthesized catalyst
materials to understand the influence of N doping, Fe doping, and MOF modification on the
selected carbon support materials. Section 3.2.1 will discuss the infrared spectra to identify
chemical compounds in a sample and XRD spectroscopy is discussed in section 3.2.2 which
provides information on structures, phases, and crystal orientation of a sample. With the
addition of N atoms in the carbon structure with the N doping process, the induced
crystallographic changes are determined using Raman spectroscopy as explained in section
3.2.3. A study of morphological and compositional changes using SEM and EDS techniques
is explained in section 3.2.4 and 3.2.5 respectively. The surface chemical composition of the
materials was analyzed using XPS spectroscopy (discussed in section 3.2.6) which determines
an accurate chemical composition quantitatively, especially for low atomic number materials.
In the last section, the cyclic voltammetry technique is explained which is used in this thesis
to determine the electrochemical performance of the synthesized novel ORR catalyst with
which other material properties and processes are compared for an ideal performing catalyst.
3.2.1

Fourier Transform Infrared (FTIR) spectroscopy

Infrared spectroscopy is used to identify the molecules present in a given material by
measuring the transmitted/reflected light within the infrared region of the electromagnetic
spectrum. Typically, the absorption of light by a compound results in a spectrum that provides
dips that are indicative of the characteristic of such a molecule. In Fourier transform Infrared
spectroscopy (FTIR), the raw data is converted to a Fourier transform to analyze the presence
of different molecules within the given sample. However, in FTIR a broadband light source
is used instead of a monochromatic source, which allows the use of different wavelengths of
light at different instances, and the whole set of data is analyzed together to identify the
molecules present in the sample.
When the molecules absorb IR radiation at specific wavelengths, the vibrational energy
level transfers from the ground state to the excited state, thus providing us with a spectrum that
consists of IR absorption frequency with intensity. The absorption frequency is related to the
vibrational energy gap and intensity is related to the transition of energy levels. FTIR setup
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usually consists of a radiation source, a monochromator, and a detector that detects the
transmitted radiation to convert to a corresponding electrical signal, which is plotted as a
spectrum using a software algorithm (Fourier transform mathematical process). FTIR spectrum
is recorded between 400 and 4000 cm-1 to identify the presence of organic and inorganic
molecules in a sample.
The vibrational or rotational frequency in the spectra can be identified as a molecular
fingerprint and this unique fingerprint provides us with chemical identification and
quantification. Sample preparation for FTIR involves pellet preparation using KBr by mixing
the sample with KBr in the ratio of 1:20 and is dried in an oven to remove any water molecules
present. The catalyst material and KBr are ground well using a mortar and pestle and pressed
in a pellet anvil to make pellets. A pellet should be thin, transparent, and semi-opaque for
comparable FTIR spectra for all the samples. In this thesis, the Thermo Scientific Nicolet iS5
spectrometer is used to analyze the FTIR spectra of the catalyst samples for wavelength ranges
of 400 to 4000 cm-1.
3.2.2

X-Ray Diffraction (XRD) analysis

XRD is a technique used to analyze the crystal structure of a material (identify the crystal
phases and provide information on unit cell dimensions) using X-rays as a probing beam. Two
X-ray waves that are diffracted from adjacent planes of a crystal and remain in phase,
constructively interfere and their wavelength, angle of diffraction, and the spacing between the
two crystal planes (at which diffraction occurred) are related by Bragg’s law. Braggs law states
a relationship between the wavelength of the electromagnetic radiation (λ) with diffraction
angle (𝜃) and lattice spacing (d) of the samples, as stated in Equation below.
Braggs law: nλ = 2d sin𝜃

Eqn 3.1

where λ is the wavelength of incident radiation, n is a positive integer and 𝜃 is the diffracted
angle.
The sample is scanned at 2θ values from 5 to 70 degrees and the possible diffraction of the
x-rays from different lattice planes is identified by the diffraction peaks in the spectra. The
wavelength of the spectra depends on the target material (Cu, Fe, Mo, or Cr), and in this
research, the Malvern-Panalytical Empyrean diffractometer with a copper target
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(CuKα radiation; λ = 1.5418Å) was used. The detector detects the diffracted x-ray counts to
give diffraction peaks with intensity and angle on the spectra. The operating voltage of the xray source is 45 kV/ 40 mA and the sample is analyzed by placing it on a sample holder on
which the x-ray beam is focused. JCPDS (Joint Committee on Powder Diffraction Standards)
is a document containing the diffraction peaks of the crystals that are available in the ICDD
(International Centre for Diffraction Data) database. JCPDS data is used to identify different
phases in the synthesized samples.
3.2.3

Raman spectroscopy

Raman spectroscopy is a light scattering technique to analyze information on rotational
and vibrational modes in a system. It provides detailed information about the chemical
structure, crystallinity, and molecular interactions when laser radiation interacts with the
sample. The laser light interacts (or scatters) with the molecular vibrations when focused on a
sample, resulting in the energy shift of the laser photons that are captured by the detector to
provide the Raman spectrum. A Raman spectrum is a distinctive chemical fingerprint featuring
Raman peaks with intensity and wavelength positions of the scattered light. Each peak
corresponds to a specific molecular bond vibration that is analyzed to obtain information about
the chemical structure, phase, crystallinity, and intrinsic stress/ strain property of a material.
The change in energy level is called ‘Raman shift’ and is typically reported in wavenumbers
(cm-1). The Raman microscope used is a Renishaw inVia system operated with a wavelength
of 785 nm from a laser diode excitation. In this thesis, Raman spectra are used to investigate
defects and structural changes in carbon samples and the amount of defect induced are analyzed
by ID/IG ratio to understand the effect of N doping and MOF modification processes.
Raman spectra for carbon-based materials generally contain D band at 1350 cm-1, G band
at 1580 cm-1, and 2D band at 2630 cm-1. D band corresponds to the vibrational modes
associated with graphene edges indicating the presence of some type of disorder with the
graphene structure and G band correspond to the graphitic peak which refers to the stacking
order of graphene layers. The D band intensity can give information about the crystal size and
is inversely proportional to its intensity. The ratio of the intensity of D band to G band (ID/IG)
is used to measure the amount of defect induced in the graphene layer. The degree of
amorphous carbon in the sample could be analyzed from the intensity and shape of the D and
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G bands. The ratio of the intensity of D band to G band (ID/IG) represents the defects induced
in sp2 carbon lattice and ratio I2D/IG determines whether the sample has a multilayer (if I2D/IG
> 1) or single-layer graphene.
3.2.4

Scanning Electron Microscopy (SEM)

SEM is a technique of producing images by scanning the surface of a sample with a focused
electron beam (produced by an electron gun). The electrons scan the sample by interacting
with the atoms in the sample that contains the information about topography and composition
produced by a signal. A sample is placed on a specimen holder, that is kept inside the vacuum
SEM chamber for the electron beam to focus on the sample. High magnification images in the
ranges of nanoscales are possible depending on the accelerating voltage of the electron beam.
The signal from the atom is received by a detector and combined information of the signal
intensity along with the position (or coordinates) of the electron gun is needed to produce an
SEM image. A secondary electron detector is used to detect secondary electrons to produce
high-resolution images of even below 1 nm. In this thesis, JEOL-JSM-IT100LA SEM from
Western Michigan University and Jeol JSM 7600F field emission SEM from Wayne State
University were used to analyze and distinguish the topography and morphology of the catalyst
materials. The SEM was operated at a voltage of 15 kV and scanned at 30,000x and 130,000x
magnifications at Wayne State and operated at 15 kV at 2000x and 3500x magnifications at
Western Michigan University.
3.2.5

Energy Dispersive X-ray (EDX) analysis

EDX is a chemical microanalysis technique used besides with SEM by detecting x-rays
ejected from the sample. An electron gun produces electron bean to scan the material's surface
and interact with the atoms to emit x-rays that are observed by the EDX detector. The emitted
x-rays and its energy intensity data can tell us about the elemental identity and its composition
quantification. Elemental mapping can also be obtained either by area or point mapping on the
scanned surface. The energy and intensity of emitted x-rays will detect elements and their
atomic% in the scanned area to provide information about the atomic distribution of various
elements analyzed with color differentiation. Investigation of atomic distributions is carried
out for different samples of varying N loadings to analyze elemental composition (in Atomic%)
and morphological change to understand its effect on the two carbon supports.
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3.2.6

X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive chemical analysis technique to determine the chemical
composition of a material. It can ascertain the amount of N atoms doped into the carbon
structure using an x-ray source irradiating on a sample surface to eject electrons that provide
chemical information of the sample. XPS measures the kinetic energy of the various types of
emitted electrons to identify the type and Atomic% of elements present in the samples. The
emitted electrons are collected by a detector which provides a spectrum with the binding
energies of the elements in a sample from which the elemental composition is determined. XPS
spectra are recorded on ECSA-3 Mark-II spectrometer (VG Scientific Ltd., England) using Al
Kα radiation (1486.6 eV) with a binding energy precision of ±0.2 eV (Analysis performed at
Indian Institute of Science Bangalore).
3.2.7

Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique that measures current by
scanning the potential of a working electrode in an electrochemical cell under certain
conditions. A typical voltammogram consists of cycles of scanned voltages and corresponding
current values to understand the electrochemical activity of electrocatalysts. An
electrochemical cell is used to conduct a CV experiment, which consists of an electrolytic
solution and three electrodes, namely, the working electrode, reference electrode, and the
counter electrode. The three electrodes are connected to a potentiostat and data acquisition
system to conduct redox reactions and produce an output voltammogram. The working
electrode potential is varied linearly with time, whereas the potential at the reference electrode
is maintained constant. The counter electrode conducts electricity from potentiostat to the
working electrode while the ions exchange through the electrolyte during redox reactions.
In this research, CV is used to study the electrochemical process of the synthesized
catalysts materials for redox reactions in acidic electrolytes with 0.1M HClO4 was used as an
electrolyte medium. There are usually two cycles, forward and backward scan where potential
is scanned positively (or clockwise) and negatively (or anti-clockwise) respectively, with the
potential of the working electrode measured against the reference electrode at constant scan
rates. Figure 3.9 below is a typical voltammogram of a single redox cycle, where the anodic or
oxidation peak is observed on the top and cathodic peak or reduction peak on the bottom. The
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anodic and cathodic peaks provide respective voltages (Epc and Eac) and current values (ipc
and iac) with which the performance of the catalyst for both half-reactions are analyzed. The
reduction peak is vital because of our objective to develop high performing ORR catalysts,
which takes place at the cathode side. The objective of this research is to eliminate the usage
of platinum on the cathode side by developing novel non-PGM catalysts that provide
comparable electrochemical performance. To compensate for the sluggish ORR reaction,
platinum usage was increased that led to higher costs of the fuel cell, which calls for the need
to develop alternative cost-effective catalysts.
With the CV analysis, we can compare the catalytic performances of our novel
electrocatalysts with that of commercial Platinum on Vulcan carbon (40% Pt/C) to compare
the effectiveness of the synthesized catalyst materials. The working electrode consists of
catalyst and ionomer coating on a glassy carbon electrode that is used to analyze the
electrochemical property of the novel catalyst. The catalyst coating starts with the preparation
of the catalyst ink that is optimized for uniform dispersion on the electrode surface. Catalyst
ink is prepared in the following ratio by sonicating the solution in an ice bath for 45 minutes
[127]: 20 mg catalyst sample, 0.16 ml Nafion (5%) solution, 3.184 ml DI water, and 0.8 ml
IPA solution. Sonicating in an ice bath has an immense effect on the viscosity of the catalyst
ink compared to sonicating at room temperatures [128]. Before the coating process, a glassy
carbon working electrode is prepared by polishing the surface using 600 grit sandpaper
followed by a 15-minute sonication. After the sonication process, the GC surface has surface
energy and free bonds that can attach with the catalyst-ionomer particles. Now, drop 15 µL of
catalyst ink onto the 5mm GC disk electrode surface, which is followed with heat treatment at
40 C/ 15 minutes for drying the catalyst ink. The working electrode is now ready for the CV
experiment and this ink preparation and coating procedure is followed for all the synthesized
catalysts to analyze its electrochemical performance. In this thesis, Ag/AgCl and 5 mm
platinum disk electrodes were used as a reference and counter electrodes at a scan rate of 0.01
V/s to measure voltammograms for N-GR-ZIF, N-RGO-ZIF, N-RGO-Fe-ZIF, and 40% Pt/C
catalysts. 40% Pt/C catalyst is used as a benchmark catalyst for comparing electrochemical
performances, where “area under the curve” of the voltammogram is considered parameter to
compare electrochemical performance and analyze the effects of N doping and MOF
modification.
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Figure 3.9: Cyclic voltammogram of a typical electrochemically reversible redox process,
highlighting HOR and ORR reactions by green and red colors respectively. Corresponding voltage
and current terms are colored accordingly [129]

3.3 Summary
This chapter was a brief overview of various experimental methods and characterization
techniques utilized in this thesis. The experimental synthesis of various materials fabricated is
explained in section 3.1 which along with the combined literature from section 2.4
(Methodologies for synthesizing catalysts) and section 2.5 (Design strategies for developing
carbon-based catalysts) discussed earlier to provide the reader with a basic understanding of
the section of precursor materials, synthesis procedure and optimization of process parameters.
Section 3.2 discussed various characterization techniques and their application in the
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characterization of catalyst material to provide knowledge about these techniques and the
importance of obtaining excellent catalyst properties leading to better ORR catalysts. This
knowledge of characterization techniques is understood better with the analysis results from
these techniques reported in chapter 4 so that the reader can appreciate the importance of such
techniques in electrochemistry/ catalyst development. In the next chapter, we will be
discussing the synthesized novel ORR catalysts (N-GR-ZIF, N-RGO-ZIF, and N-RGO-FeZIF) and the characterization details further.
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CHAPTER 4
CHARACTERIZATION RESULTS
The characterization results of synthesized carbon-based catalysts described in the previous
chapter using different analytical methods are continued further. This chapter will provide a
critical analysis of these results and discusses the relationship between their properties and the
electrochemical characteristics of N-GR-ZIF, N-RGO-ZIF, and N-RGO-Fe-ZIF materials. The
chemical, crystal, compositional, morphological, and electrochemical properties of the catalyst
materials were analyzed using FTIR, XRD, Raman, XPS, SEM-EDX, and Cyclic Voltammetry
techniques, and the effect of N doping and MOF modifications of the carbon material were
correlated

to

these

properties.

Section

4.1

and

4.2

described

the

intrinsic

properties/characteristics of Graphene and Reduced Graphene Oxide materials with ZIF-8,
while the influence of transition metals with the enhancing electrochemical property is
discussed in the following section.
4.1 N-doped graphene with zeolite imidazole frameworks
We have used nitrogen doping to dope N atoms onto the carbon lattice for enhancing the
electrochemical performance of the graphene materials. Melamine and graphene nanoparticles
were used as nitrogen and carbon precursors for synthesizing N-doped graphene (GR)
catalysts. N loading was changed with different N/C ratios of 0, 0.5, 1, 1.5, and 2 in terms of
weight of the precursors to analyze the effect of N doping on the graphene material. N doping
process was explained earlier in section 3.1.3. Porosity and uniform distribution of active sites
are important factors in the development of effective ORR catalysts. Zhuang et al. have
synthesized graphene with MOF structures that have excellent electron transfer numbers and
current densities with MOF modification [41]. Therefore, the utilization of MOFs is considered
in our design process to enhance the physicochemical and electrochemical properties of the
graphene nanoparticle with MOF modification. Zeolite Imidazole Frameworks (ZIF-8), a
subclass of MOFs is considered for the modification process due to higher N content,
chemically and thermally stable structures, a facile way for electronic and chemical tunability,
and higher porosity. Wet chemical synthesis procedure as explained in section 3.1.6 was used
to modify N-GR material to synthesize the novel N-GR-ZIF catalysts which are characterized
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by several techniques to analyze its chemical, physical and electrochemical properties and the
effect of N doping on the catalytic performance.

Figure 4.1: FTIR spectra of N-doped graphene samples confirming the successful doping of N
atoms in the graphene materials with amine and C=N bonds at 3460 and 3415, and 1550 cm-1
respectively

The effect of N doping and MOF modification on graphene particles was analyzed by
evaluating the changes in crystallographic phases, surface morphology, chemical composition,
porosity, and electrochemical activity. The characterization techniques FTIR, XRD, Raman,
SEM, EDX, and CV were mainly used for this purpose. Fourier Transform Infrared spectra
(FTIR) were obtained from Thermo Scientific Nicolet iS5 spectrometer for wavenumbers
range of 4000-400 cm-1. Figure 4.1 shows the FTIR spectra of N doped graphene samples (N0GR1, N0.5-GR1, N1-GR1, N1.5-GR1, and N2-GR1). The effect of N doping by melamine is
understood by the changes with intensities of various N bonds among various N-GR samples.
Aromatic primary amine stretch (N-H) bonds at 3460 and 3415 cm-1 appear only for N1.5-GR1
and N2-GR1 samples as the N loading increases, where effective N doping is observed for N1.5
and N2 samples. C=N bond at 1550 cm-1 is observed in the spectra and its intensity increases
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as N loading increases (similar to amine bonds), which confirms successful doping of N atoms
onto the graphene particles.

Figure 4.2: FTIR spectra of N-GR-ZIF samples confirming the presence of ZIF-8 vibrational
frequencies in the graphene samples. Rings stretch at 1300-1450 cm-1 and Zn-N at 420 cm-1
attributes to the imidazole and metal ion of the ZIF framework

FTIR spectra of N-GR-ZIF samples (N0-GR1-ZIF1, N0.5-GR1-ZIF1, N1-GR1-ZIF1, N1.5GR1-ZIF1, N2-GR1-ZIF1) is shown in Figure 4.2 to determine the effects of MOF modification
on N doped graphene samples. The presence of N bonds is observed as C=N at 1575 cm-1, CN at 1146 cm-1, and Zn-N at 420 cm-1 in all the samples. At 420 cm-1, the Zn-N stretching
vibration of imidazole rings was formed by chemical attachment of zinc ions with nitrogen
atoms from methyl imidazole, thus forming imidazolate [130]. The intensity of these N bonds
is higher for the N1-GR1-ZIF1 sample, which suggests higher N content compared to others.
Higher intensity of zinc is observed with the Zn-N bond for N1-GR1-ZIF1 samples, which
indicates the presence of higher ZIF-8 attachment to the graphene material, having an optimal
N% or the number of dangling bonds that attracted the most ZIF-8 particles. With ZIF
modification, C-N bond at 994 cm-1, Zn-N bond at 420 cm-1, ring stretch of ZIF between 1450
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cm-1 and 1300 cm-1 and ring out of plane bending vibration at 694 cm-1 are observed which are
the signature peaks of ZIF-8 crystals. The presence of signature ZIF-8 peaks in all samples
suggest the successful incorporation of ZIF-8 with the graphene catalysts.
Figure 4.3 shows the XRD peak for N doped graphene catalyst showing graphitic peaks of
2θ values at 26.6° (002), 43.64°, and 54.36° suggesting a graphitic phase in the sample. The
relatively broader (002) peak indicates the sample could be in a nanocrystalline state. Figure
4.4 shows the XRD spectra of polycrystalline ZIF-8 with all the characteristic peaks indicating
the formation of the sodalite structure [131]. The presence of ZIF-8 characteristic planes (011),
(002), (112), and (222) were identified with 2θ values of 7.4°, 10.5°, 12.8°, and 18.1°
respectively. Zn and ZnO peaks are observed at 2θ values of 35°, 36.6°, 43.2° (JCPDS no. for
Zn peaks: 04-0831), and 31.6°, 46.6°, 56.2°, 63.2°, 68° (JCPDS no. for ZnO peaks: 80-0075)
respectively. Table 4.1 lists all diffracted angles values with corresponding crystal planes of
ZIF-8 material.

Figure 4.3: XRD spectra of N-doped graphene sample showing the presence of a graphitic
peak at 2θ values of 26.6°, 43.64°, and 54.36°
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Figure 4.4: XRD spectra showing various ZnO and Zn diffraction peaks with significant (011)
phase observed in the ZIF-8 material forming sodalite-type structure. First, second, and fourthorder phases of (011) are observed as (011), (022), and (044) phases with defined crystallinity
Table 4.1: Relevant XRD peaks with 2θ values (in degrees) and their corresponding phases for ZIF-8

ZIF-8 XRD PEAKS
2θ

Plane

2θ

Plane

7.4°

(011)

30.7°

(044)

10.5°

(002)

31.6°

ZnO

12.8°

(112)

32.4°

(235)

14.8°

(022)

35°

(100) Zn peak

16.5°

(013)

36.6°

(002) Zn peak

18.1°

(222)

43.2°

(101) Zn peak

24.6°

(114)

46.6°

ZnO peak

25.7°

(233)

56.2°

ZnO peak

26.7°

(134)

63.2°

ZnO peak

29.8°

(044)

68°

ZnO peak
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XRD pattern for N-GR-ZIF samples (N0-GR1-ZIF1, N0.5-GR1-ZIF1, N1-GR1-ZIF1, N1.5GR1-ZIF1, N2-GR1-ZIF1) is compared in Figure 4.5. Several ZIF-8 diffraction peaks were
observed in these samples are quite similar to those with a dominating (011) peak at 7.4° 2θ
value, as shown for polycrystalline ZIF-8 earlier in Figure 4.4. Therefore, the spectra confirm
the successful chemical attachment of ZIF-8 to graphene.

Figure 4.5: XRD spectra of N-GR-ZIF catalysts confirming the chemical bonding of ZIF-8
particles on graphene supports with signature ZIF-8 peaks observed

To obtain more complementary information with respect to the XRD data, Raman analysis
has also been performed on these samples. As mentioned in section 3.2, Raman analysis was
carried out using a Laser Raman in-via system (Renishaw InVia Laser Raman Microscope).
In this analysis, a HeNe Laser (λ= 532 nm) with a spot size of 3 µm is used. The Raman spectra
obtained for all the four samples with different Nitrogen loading at 0, 0.5, 1, and 2% are
compared in Figure 4.6. As discussed earlier in section 3.2.3, the D band provides information
about disorders in graphene structures and the G band refers to the graphitic peak. The intensity
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ratio of D and G bands (ID/IG) helps to estimate the defects of graphene samples and a higher
ratio means more defects in the sample. It is vital to note that various types of defects can
happen in a graphene structure, such as vacancy defect, line defect, missing carbon atoms,
interstitials, and/or substitutional dopant atoms [121]. With N doping, one or more of these
defects can occur, with dopant atoms substituting carbon atoms in the lattice, which can affect
its electronic properties. ID/IG ratio accounts for all types of defects and disorders in the sample
including the defect due to substituted dopant atoms. ID/IG ratio increase as N doping increases,
from 1.45 for N0-GR1 to 1.63 for N2-GR1, suggesting an increase of defects by N dopants onto
the graphene sheets. From the spectra, we can also observe an increase in the D band intensity
with N doping suggesting an increase of some disorder in the graphene structure [52]. Among
N-GR catalysts, the N1.5-GR1 sample appears to have the highest defect concentration with an
ID/IG ratio of 1.67, after which graphene could not accommodate further N atom doping.

Figure 4.6: Raman spectra showing D, G, and 2D bands for N-doped graphene samples
confirming the doping process with increasing ID/IG ratios
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Raman analysis of ZIF-8 showed the peaks similar to those reported in the literature
confirming the presence of ZIF-8 in those samples [120]. Figure 4.7 shows the Raman spectra
of the ZIF-8 sample, with Raman peaks at 180 cm-1, 689 cm-1, 1152 cm-1, and 1466 cm-1
representing characteristic Raman peaks for ZIF-8 corresponding to Zn-N stretch, out of plane
ring bend, C-N stretch, and C-H wag respectively. This provides additional evidence for the
presence of ZIF-8 with the synthesis process used in this work. Table 4.2 shows the Raman
bands and the corresponding assignment of vibrations obtained for ZIF-8 material.

Figure 4.7: Raman spectra of ZIF-8 sample showing the reported vibrational frequencies (in
wavenumbers) from the literature confirming the successful synthesis of ZIF-8 materials
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Table 4.2: Corresponding vibrational Raman bands and assigned vibrations of ZIF-8

Raman vibrational bands with corresponding assignment for ZIF-8
Raman band

Assignment

Raman band

(cm-1)

Assignment

(cm-1)

180

Zn-N stretch

1192

C-N stretch

288

Zn-N stretch

1389

CH3 bending

689

Out of plane bending H (ring)

1466

C-H wagging

839

Bending C-H out of plane

1514

C4-C5 stretch

2935

Asymmetric

(C4-C5)
956

Bending C-H out of plane
(C2)

1026

Bending C-H out of plane

1152

C5-N stretch

stretch

C-H

(methyl)
3141

Aromatic C-H stretch

Figure 4.8: A bar graph of ID/IG ratios for different N-GR samples are shown. An error bar
with an accuracy (standard deviation) of 0.005 calculated with 5 trials in the calculation
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Table 4.3: ID/IG ratios of N-GR and N-GR-ZIF samples calculated from Raman spectra

ID/IG ratios of N-GR and N-GR-ZIF samples
N-GR

ID/IG

N-GR-ZIF

ID/IG

N0-GR1

1.45

N0-GR1-ZIF1

1.56

N0.5-GR1

1.51

N0.5-GR1-ZIF1

1.64

N1-GR1

1.54

N1-GR1-ZIF1

1.92

N1.5-GR1

1.67

N1.5-GR1-ZIF1

1.78

N2-GR1

1.63

N2-GR1-ZIF1

1.64

Figure 4.9 shows Raman spectra for N-GR-ZIF samples (N0-GR1-ZIF1, N0.5-GR1-ZIF1, N1GR1-ZIF1, N1.5-GR1-ZIF1, N2-GR1-ZIF1) with D and G bands at 1315 cm-1 and 1600 cm-1
respectively. Unlike FTIR and XRD spectra, the assigned vibrational bands of ZIF-8 were not
observed with N-GR-ZIF samples due to the graphitic nature of graphene materials, and similar
observations were reported for carbon-based ZIF materials earlier [122][123]. A bar graph with
error bars showing the defect densities (ID/IG) for N-GR samples in Figure 4.8 with an accuracy
of 0.05 (standard deviation) calculated for 5 trials. The accuracy in the calculation of the defect
density is expected to be the same with all the samples. The ID/IG ratio has increased from 1.56
from N0-GR1-ZIF1 to 1.92 for N1-GR1-ZIF1 and is reduced to N2-GR1-ZIF1, suggesting a
reduction in induced defect after the N1-GR1-ZIF1 sample. MOF modification has resulted in
additional defects in the graphene sample (Refer Table 4.3 to compare the ID/IG ratio of N-GR
sample before and after MOF modification). An increase in ID/IG ratio is observed for the NGR-ZIF sample compared to the N-GR sample, suggesting an increase of ZIF-8 as defect
bonding with the graphene material. N1-GR1-ZIF1 has the highest defects (with ID/IG ratio of
1.92) which are identified either by the dominance of N atoms and ZIF content, which is
confirmed by the Zn-N and C=N bond intensities from the FTIR spectra (Refer Figure 4.2). A
2D peak at 2650 cm-1 which is attributed to the development of graphene structure is not
observed in the sample. The ratio of the intensity of 2D peak to G peak (I2D/IG) determines
whether a sample has a multilayer (if I2D/IG > 1) or single-layer graphene, and it is determined
that GR has multi-layered graphene. I2D/IG ratio for N-GR and N-GR-ZIF samples are less than
1, suggesting multi-layered graphene structures in the sample.
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Figure 4.9: Raman spectra of N-GR-ZIF samples with D, G, and 2D bands at 1315 cm-1, 1600
cm-1 and 2650 cm-1 respectively

Figure 4.10: SEM images of graphene nanoparticles at (a) 2000x and (b) 3500x
magnifications
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Figure 4.10 (a) and (b) show SEM images of graphene nanoparticles at 2000x and 3500x
magnifications, respectively. Figure 4.10 (b) shows two circles with particles of varying sizes
are observed in the image. Green circle showing a particle size of about 3µm and a red circle
showing a particle size of 15µm indicating agglomeration of graphene particles.SEM image of
N-GR-ZIF samples are shown in Figure 4.11 for (a) 10,000x (left image) and (b) 130,000x
(right image) magnifications. We can observe a change in grain structure from N0-GR1-ZIF1
(Figure 4.11 (I)) to N2-GR1-ZIF (Figure 4.11 (II)) as a well-defined structure noticed for the
N2-GR1-ZIF1 sample. This implies that the presence of ZIF-8 crystals increases as N doping
increases which is evident in EDX data showing an increase in Zn% from 13 to 27% for N0GR1-ZIF1 versus N2-GR1-ZIF1 (EDX data are shown in Table 4.4). The particle size of GR is
much smaller (5-7nm thick) [132] than ZIF-8 (150nm) [133], therefore, GR nanoparticles
chemically bonds inside the ZIF-8 framework to become a composite material, and thus the
dominance of ZIF-8 is seen on the catalyst surface. The granularity in the N2-GR1-ZIF1 (Figure
4.11 (III)) sample is predominantly observed compared to the N0-GR1-ZIF1 (Figure 4.11 (I))
sample, suggesting that N doping increases crystallinity, surface area, and porosity of graphene
samples with ZIF modification.
Elemental analysis by EDX suggests the same trend, with a significant increase in N% and
Zn% content as N doping increases. N doping creates additional dangling bonds for ZIF-8
materials to chemically attach onto the graphene surface which may be the reasons for
additional ZIF-8 attachment [134]. Table 4.4 shows elemental composition from EDX data,
where it is an increase of N% from 13.08% for N0-GR1-ZIF1 to 15.17% for N2-GR1-ZIF1
catalysts with a similar increase in Zn% observed from 13.35% to 27.17% respectively.
Elemental mapping (shown in Figure 4.12) suggests the uniform distribution of C, N, O, Zn
elements, and the active sites on the morphology of catalyst samples, a key property for better
catalytic and electrical conductivity. The drawback of using EDX in the chemical analysis is
that EDX provides qualitative composition data and alter the quantitative data of element%.
Therefore, X-ray photoelectron spectroscopy (XPS) is used in addition to analyzing the
chemical composition of our samples. XPS data for shown in Table 4.5 where an increase in
the N% from 3.32% for N0-GR1-ZIF1 to 8.28% for N1-GR1-ZIF1 sample with a slight
reduction for N2-GR1-ZIF1 whose N% is 7.05%. Similarly, Zn% increases up to 0.7% for N1GR1-ZIF1, and further reduces to 0.66% for N2-GR1-ZIF1.
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Figure 4.11: SEM images of (I) N0-GR1-ZIF1, (II) N1-GR1-ZIF1, and (III) N2-GR1-ZIF1 at (a)
10,000x (left) and (b) 130,000x (right) magnifications
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Table 4.4: EDX data for N-GR-ZIF samples

ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDX) data (in Wt%)
ELEMENTS

N0-GR1-ZIF1

N1-GR1-ZIF1

N2-GR1-ZIF1

CK

64.53

61.35

53.23

NK

13.08

18.07

15.17

OK

09.04

06.27

04.45

ZnL

13.35

14.31

27.15

Figure 4.12: Images of elemental mapping for N-GR-ZIF sample
Table 4.5: XPS data for N-GR-ZIF samples

X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) data (in At%)
ELEMENTS

N0-GR1-ZIF1

N1-GR1-ZIF1

N2-GR1-ZIF1

C

83.89

79.1

80.65

N

3.32

8.28

7.05

O

12.48

11.93

11.64

Zn

0.31

0.7

0.66
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Figure 4.13 shows the cyclic voltammograms of N-GR-ZIF catalysts scanned for the
potential ranges between 0 and 1V at a scan rate of 0.01 V/s in an acidic electrolyte (0.1M
HClO4). A mild anodic peak for the HOR reaction is observed in the 0.2 V to 0.4 V range due
to hydrogen adsorption and desorption happening on the catalyst surface of the working
electrode. ‘Area under the curve’ is a considered parameter to evaluate the electrochemical
activity of novel catalysts [135].

Figure 4.13: Cyclic Voltammogram of N-GR-ZIF catalyst materials to analyze the effect of N
doping and MOF modification on GR support material. Loop areas of 15, 18, and 19 μA.V of
redox activity are observed for N0, N1, and N2 nitrogen loadings

The hysteresis loop area increases from 15 μA.V for N0-GR1-ZIF1 to 18 μA.V for the N2GR1-ZIF1 sample where no major performance changes are observed among N-GR-ZIF
samples with varying N content. The reasons for lower performance are due to the dominating
presence of ZIF-8 particles in the sample compared to graphene nanoparticles. The insulating
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property of ZIF- 8 material (σ= 1.3 to 2.6 x 10-9 S/m) [136] might have reduced the overall
electrical conductivity of the catalyst samples (conductivity of graphene is 107 S/m) [137].
This section also summarizes the parameters involved with the design process in the
synthesis and characterization of N-GR-ZIF catalysts with a deeper understanding of N doping
and ZIF modification effects on graphene supports. FTIR and EDX confirm the presence of N
content in the samples and it is evident with N doping and MOF modification, graphene
supports have increased granularity and surface area when compared with SEM images of
graphene supports. Along with FTIR data, XRD spectra also confirms ZIF-8 signature peaks
in N-GR-ZIF samples suggesting successful ZIF modification on graphene supports with high
crystallinity. Morphology and granularity with well-defined grains observed as N doping
increases with uniformly distributed N and Zn elements. However, with the presence of
uniform active sites and adequate N content for electrochemical performance, CV curves show
no to little performance enhancement with N doping and MOF modifications due to lower
electrical conductivity of the sample which might have reduced the electron transfer rates of
the overall N-GR-ZIF catalysts, despite improvements with the morphology and surface areas
with the strategic processes. In the next section, in detail analysis of the results of
characterization techniques will be discussed for N-RGO-ZIF samples.
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4.2 N-doped reduced graphene oxide with zeolite imidazole framework
Characterization of N-RGO-ZIF catalysts is analyzed to understand its chemical, physical
and electrochemical properties and its effect with N doping and ZIF modification on RGO
material. Figure 4.14 below shows the FTIR spectra of graphene oxide and reduced graphene
oxide materials showing reduction of oxygen-containing groups from GO to RGO. Hydroxyl
O-H bonds at 3450 cm-1 and C-O stretching bonds at 1150 cm-1 are reduced by hydrazine
monohydrate as already discussed in section 3.1.2. The successful reduction of oxygen groups
in RGO suggests increased electrical conductivity with reduced oxygen content [138]. FTIR
spectra of N-RGO samples are shown in the spectra below (Figure 4.15) where the effect of N
doping on RGO sheets is observed. Successful nitrogen doping on the RGO sheet is confirmed
by the C=N bond at 1405 cm-1 for the N2-RGO1 sample and no amine bonds are observed for
the N2-RGO1 sample, unlike N2-GR1 (Figure 4.6) sample. It suggests fewer N atoms could be
chemically doped on to RGO material as compared to graphene nanoparticles.

Figure 4.14: FTIR spectra of graphene oxide and reduced graphene oxide confirming the
reduction of OH bond at 3450 cm-1
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However, the C=N peak at 1640 cm-1 for the N1-RGO1 and N2-RGO1 samples suggest
effective doping for RGO supports and further doping could increase the N% in the N-RGO
samples. Mild C-N amine bonds start to appear at 1270 and 1225 cm-1 respectively for N2RGO1 which was not observed for other samples. The effect of N doping is different as we
change the support material, with the process being more efficient for graphene nanoparticles
as compared to RGO sheets. The difference in efficacy could be due to differences (RGO vs
GR) in morphology (sheet vs particle), surface area (110 m2/g vs 750 m2/g), and chemical
compositions of the two support materials, which will be discussed with XRD, Raman, and
SEM analysis in Chapter 5.

Figure 4.15: FTIR spectra of N-doped reduced graphene oxide samples confirming the
presence of N groups in the samples

Figure 4.16 below shows the FTIR spectra for N-RGO-ZIF (N0-RGO1-ZIF1, N1-RGO1ZIF1, and N2-RGO1-ZIF1) samples where ZIF-8 molecular vibrations observed. C=N bond is
observed at 1575 cm-1 confirming the presence of N atoms in the samples, where ZIF-8
(consisting of 35% N) acts as a nitrogen precursor in the modification process which also
76

certainly helps in boosting the electrochemical performance [131]. Aromatic C-N bond at 1146
cm-1 and bending C-N bond at 995 cm-1 are observed with ZIF addition. Signature peaks of
ZIF-8 in the 1600–400 cm-1 range are observed, confirmed by Zn-N peak at 420 cm-1, ring
stretch vibrations between 1450–1300 cm-1, and out of plane ring vibration at 694 cm-1. ZIF-8
modification is successfully incorporated on RGO sheets that show the excellent bonding
chemistry on RGO support materials.

Figure 4.16: FTIR spectra of N-RGO-ZIF samples confirming the presence of N groups and
vibrational frequencies of ZIF-8 in the samples

XRD spectra for N-RGO-ZIF samples were scanned between 2θ angles of 5 and 70 degrees
as shown in Figure 4.17. A strong presence of ZIF signature peaks at 2θ values of 7.5°, 10.6°,
12.9°, 18.9° correspond to planes (011), (112), and (222) indicating higher crystallinity of ZIF8 in N-RGO-ZIF samples. The intensity of ZIF-8 peaks in N-RGO-ZIF samples reduces
immensely compared with ZIF-8 itself due to peak interference with the graphitic nature of
RGO material (Figure 4.18). With the presence of RGO material, two graphitic peaks at 2θ
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values of 44.6° and 58.6° (identified by blue dots in Figure 4.17) were observed showing the
graphitic nature of RGO sheets with no shift in ZIF-8 peaks. It is to note that such graphitic
peaks were not observed with N-GR-ZIF samples, which suggests N-RGO-ZIF samples might
have higher electrical conductivity [139].

Figure 4.17: XRD spectra of N-RGO-ZIF catalysts confirming the chemical bonding of ZIF-8
particles on graphene supports with signature ZIF-8 and graphitic peaks observed

Figure 4.19 shows Raman spectra for GO and RGO samples, where D and G bands were
observed around 1320 cm-1 and 1600 cm-1 respectively. Peak shift to the left is observed in
RGO samples compared with GO, indicating a successful reduction of oxygen groups during
the reduction process [140]. ID/IG ratio increases from 1.13 for GO to 1.34 for RGO material
suggesting successful incorporation of defects by hydrazine monohydrate. No 2D peak at 2650
cm-1 was observed for GO and RGO samples which signify multi-layers of graphene sheets
stacked in the materials. From the spectra for the N-RGO-ZIF sample in Figure 4.20, ID/IG
ratio increases from 1.95 for the N0-RGO1-ZIF1 sample to 2 for N0.5-RGO1-ZIF1, and then
reduce to 1.71 for the N2-RGO1-ZIF1 catalyst (Table 4.6). It is likely due to the optimized N
doping until the N0.5-RGO1 sample after which ZIF-8 attachment reduces. This is identified
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and supported by FTIR data (Figure 4.16), where ZIF-8 peak intensity for the N0.5-RGO1-ZIF1
sample is higher and reduces further with N doping. I2D/IG ratio for the samples is less than 1,
indicating multilayered graphene structures, but with N doping an increase in the 2D band,
intensity increases suggesting a smaller degree of exfoliation with the doping process. The
morphology and structure of RGO support material must be investigated for the N doping and
ZIF modification effects, which will be discussed with SEM and EDX analysis.

Figure 4.18: XRD spectra of N-RGO-ZIF catalyst and ZIF-8 show lower intensity of ZIF-8
diffraction peaks in N-RGO-ZIF samples as compared to N-GR-ZIF-8 samples
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Figure 4.19: Raman spectra showing D and G bands for GO and RGO materials. A peak shift
in right for RGO indicate stresses induced during the reduction process

Table 4.6: ID/IG ratios of N-RGO-ZIF catalysts calculated from Raman spectra

ID/IG ratios for N-RGO-ZIF samples
Samples

ID/IG

N0-RGO1-ZIF1

1.95

N0.5-RGO1-ZIF1

2

N1-RGO1-ZIF1

1.81

N1.5-RGO1-ZIF1

1.73

N2-RGO1-ZIF1

1.71
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Figure 4.20: Raman spectra of N-RGO-ZIF samples with D, G, and 2D bands at 1315 cm-1,
1600 cm-1 and 2650 cm-1 respectively

Figure 4.21 (I) and (II) below shows SEM images of GO and RGO at (a) 2000x (left image)
and (b) 3500x (right image) magnifications, respectively. GO in Figure 4.21 (I) appears to form
as densely packed sheet-like platelets stacked together with a corrugated morphology. GO
sheets have multilayers of graphene sheets stack with each other, bonded by oxygen-containing
groups like hydroxyl, carboxylic acids, etc., On the other side, RGO sheets look fluffy, sheetlike appearance with a wrinkled surface and edge morphology observed as appear in Figure
4.21 (II). Due to chemical exfoliation of oxygen groups in GO by chemical reduction, fluffy,
long, and porous RGO sheets are formed. From Raman spectra, as we discussed earlier (Figure
4.20), the increase in 2D band intensity in RGO material can be well related to RGO
morphology.
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Figure 4.21: SEM images of (I) Graphene Oxide and (II) Reduced Graphene Oxide at (a)
2000x and (b) 3500x magnifications

SEM images of N-RGO-ZIF (N0-RGO1-ZIF1, N1-RGO1-ZIF1, and N2-RGO1-ZIF1)
samples respectively are observed in Figure 4.22 (I) to (III) for (a) 10,000x and (b) 30,000x
magnifications respectively. The porosity of N-RGO-ZIF samples is enhanced with higher
porosity of ZIF-8 material (2260 m2/g) [22] in ZIF modification. The presence of ZIF-8 crystals
are predominantly visible in N0-RGO1-ZIF1 samples (Figure 4.22 (I)(b)) and as N doping
increases the presence of ZIF-8 in the SEM images is reduced (Figure 4.22 (III)(b)), which is
supported by the EDX data (Table 4.7), where Zn% of N0-RGO1-ZIF1 sample is 16.02% and
reduces to 5.4% for N2-RGO1-ZIF1 sample.
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Figure 4.22: SEM images of (I) N0-RGO1-ZIF1, (II) N1-RGO1-ZIF1, and (III) N2-RGO1-ZIF1 at
(a) 10, 000x (left) and (b) 30,000x (right) magnifications
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As we already discussed in Raman and FTIR analysis, N doping (in terms of defect
induced) was highest for the N0.5-RGO1-ZIF1 sample and the ID/IG ratio reduces with further
doping, similar to reduced ZIF-8 peak intensity for N2-RGO1-ZIF1 sample in FTIR spectra
(Figure 4.20). The reasons for reduced ZIF-8 attachment on RGO may be due to the lower
surface area of RGO sheets (~110 m2/g) for effective ZIF-8 modification to happen unlike
graphene nanoparticles (with a surface area of 750 m2/g). Thus, a saturation of free bonds on
the carbon lattice has limited the effect of ZIF-8 modification.
Unlike N-GR-ZIF samples, N-RGO-ZIF samples do not have well defined ZIF-8 structure
due to varying uniformity of RGO morphology on which ZIF-8 crystals were formed.
Similarly, grain sizes in N-RGO-ZIF samples are comparatively bigger than N-GR-ZIF
samples (Figure 4.11) which may be affected by the ZIF modification process or with the effect
of change in the support material. The size of grains in the samples is 130 nm to 240 nm range
for the samples with the presence of RGO sheets observed, unlike N-GR-ZIF samples with
predominant ZIF-8 particles. ZIF-8 grains are identified between RGO sheets in the images
which might act as protection layers to retain the particles. Elemental Mapping of N-RGO-ZIF
sample shows uniform distribution of C, N, O, and Zn elements fitted with the scanned image
in Figure 4.23. Mn is observed in the elemental mapping and EDX data that may be impurity
created during the reduction process to RGO. The presence of Mn% reduces with N doping
from 8% for N0-RGO1-ZIF to 0.8% for the N2-RGO1-ZIF1 sample. XPS data for shown in
Table 4.8 where an increase in the N% from 6.64% for N0-RGO1-ZIF1 to 7.48% for N1- RGO
1-ZIF1

sample with a slight reduction for N2- RGO1-ZIF1 whose N% is 5.84%. Similarly, Zn%

increases up to 0.64% for N1- RGO1-ZIF1, and further reduces to 0.5% for N2- RGO1-ZIF1.
Table 4.7: EDX data for N-RGO-ZIF samples

ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDX) data (in Wt%)
ELEMENTS

N0-RGO1-ZIF1

N1-RGO1-ZIF1

N2-RGO1-ZIF1

CK

59.16

65.51

73.4

NK

5.77

4.53

2.35

OK

10.32

13.66

17.94

ZnL

16.02

11.08

5.43

MnK

8.73

5.22

0.88
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Figure 4.23: Images of elemental mapping for N1-RGO1-ZIF1 sample
Table 4.8: XPS data for N-RGO-ZIF samples

X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) data (in At%)
ELEMENTS

N0-RGO1-ZIF1

N1-RGO1-ZIF1

N2-RGO1-ZIF1

C

80.76

79.85

80.47

N

6.64

7.48

5.84

O

11.99

12.03

13.19

Zn

0.61

0.64

0.5

Mn

-

-

-

Figure 4.24 shows a cyclic voltammogram for N-RGO-ZIF (N0-RGO1-ZIF1, N1-RGO1ZIF1, and N2-RGO1-ZIF1) samples scanned in potential ranges of 0 and 1V at a scan rate of
0.01 V/s in an acidic electrolyte (0.1M HClO4). A broad anodic and cathodic peak are observed
at 0.3 V and 0.4 V respectively due to hydrogen oxidation and oxygen reduction processes
happening at the catalyst surface. With the area under the curve as a performance evaluator,
N1-RGO1-ZIF1 performs electrocatalytically better among N-RGO-ZIF catalysts. The
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hysteresis area increases from 15 μA.V for N0-RGO1-ZIF1 to 55 μA.V for N1-RGO1-ZIF1 and
then reduces to 40 μA.V for the N2-RGO1-ZIF1 sample. Due to N doping and porosity
enhancement with ZIF modification, the catalytic activity of RGO material has increased by
260% from N0 loading to N1 loading, however, due to agglomeration of active sites and fewer/
reduced active sites for N2-RGO1-ZIF1 sample, catalyst activity is reduced to 40 μA.V.
Comparing the uniform distribution of active sites, optimal N doping and ZIF modification
levels, N1-RGO1-ZIF1 performs as better ORR catalysts among other samples.

Figure 4.24: Cyclic Voltammogram of N-RGO-ZIF catalyst materials to analyze the effect of N
doping and MOF modification on RGO support material. Loop areas of 15, 55, and 40 μA.V of
redox activity are observed for N0, N1, and N2 nitrogen loadings

86

Compared with N-GR-ZIF, N-RGO-ZIF samples have better electrochemical performance
due to sheet-like morphology and optimal% of Zn and N content in the samples. Zn% of NRGO-ZIF samples are much lower (5 to 16%) compared to N-GR-ZIF samples which are in
the 13 to 27% range. The reasons for the lower catalytic performance of the N-GR-ZIF sample
were due to lower electrical conductivity due to high ZIF-8 presence, however, with an optimal
amount of ZIF-8 and RGO in the sample, and uniform distribution of active sites, N-RGO-ZIF
catalysts perform better. Interestingly, the presence of MnO2 particles uniformly distributed in
the sample could have acted as additional active sites for better performance, which this thesis
recommends for future researchers to explore.
In conclusion, chemical, structural and electrochemical properties of N-RGO-ZIF catalysts
were analyzed with FTIR, XRD, Raman spectroscopy, and SEM-EDX techniques. Successful
N doping and ZIF modification processes were confirmed by FTIR and XRD spectra and its
effect on RGO support material were analyzed in detail. FTIR spectra identified the presence
of N, Zn, and imidazole peaks confirming the successful incorporation of ZIF-8 crystals in NRGO-ZIF synthesis. Crystallinity and chemical composition of the catalysts were analyzed to
find out the amorphous and graphitic nature of N-RGO-ZIF samples using XRD and Raman
techniques. The effect of defects with N doping and ZIF modification was analyzed using
Raman spectroscopy, which revealed that both strategies induced defects for all the samples.
ID/IG ratio is highest for the N0.5-RGO1-ZIF1 sample for more defects being induced in the
carbon lattice, however, no further defects were doped due to the possible surface area/free
bond limitations. The morphological advantage of RGO over graphene particles was
understood which performs as better electrocatalysts due to the sheet-like structure. Cyclic
voltammetry analysis was performed to analyze the effect of chemical, structural, and
morphological properties on the electrochemical performance of N-RGO-ZIF samples. CV
showed N1-RGO1-ZIF1 to be a better performing catalyst with a higher redox curve area due
to the optimal amount of N% and Zn% and even distribution of RGO and ZIF-8 content in the
samples.
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4.3 N-doped reduced graphene oxide with iron-doped zeolite imidazole frameworks
FTIR, XRD, SEM, EDX, and Cyclic Voltammetry techniques are used to analyze the
physical, chemical, crystal structure, and electrochemical properties of the N-RGO-Fe-ZIF
material and detailed comparisons with N-RGO-ZIF properties will also be documented.
Electrochemical performance with CV is analyzed for the synthesized samples to evaluate the
effect of N doping and MOF modification on the RGO supports. The motivation behind the
utilization of transition metals in the catalyst sample is to explore and enhance the synthesized
materials by constantly optimizing parameters in the design plan for developing high
performing ORR catalysts. With the Fe ions doped in ZIF-8, a few Zn ions are ideally replaced
by Fe ions with which Fe-ZIF-8 material will host dual metal ions, Zn, and Fe, at the center of
the imidazole framework. The synergistic effects of Metal-Nitrogen-Carbon (Fe-N-C)
coordination have received huge attention due to their excellent catalytic activity in acidic
electrolytes and this section will focus on the enhancement of N-RGO-ZIF catalysts and the
catalytic performance comparison with N-RGO-Fe-ZIF samples. Comparable non-PGM
catalyst materials to replace the platinum catalysts are vital to reduce the costs of fuel cells for
smooth transitioning to Fuel Cell Electric Vehicles as next-generation transportation
technologies. To benchmark the electrochemical performance of N-RGO-Fe-ZIF catalysts
samples, the CV results of the samples are compared with that of commercial 40% Platinum
on Vulcan carbon (40% Pt/C) catalysts.
Iron acetylacetonate (Fe(accac)3) is used to dope Fe into ZIF-8 to synthesize Fe-ZIF-8
materials and the FTIR spectra of both materials are shown in Figure 4.25. Signature peaks of
Fe(accac)3 are observed in fingerprints of Fe-ZIF spectra proves successful doping of Fe metal
ions onto the ZIF-8 framework. Acetylacetate (acac) group plays a key role in the formation
of mesocrystalline hematite platelets (αFe2O3) in the doping process with a considerable
amount of the dopant in Fe-ZIF-8 material. Strong peaks of Fe(accac)3 like C=O stretch at
1570 cm-1, C=C stretch at 1515 cm-1, C-H bend at 1363 cm-1, and C=C-H vibrations at 1273
cm-1 are also observed in the Fe-ZIF sample as shown in the spectra. Three peaks of αFe2O3
are observed at 664 cm-1, 573 cm-1 and 440 cm-1 frequencies for Fe(accac)3, and the presence
of αFe2O3 peak at 664 cm-1 in Fe-ZIF again confirm successful doping of Fe metal ions. ZIF8 characteristic peaks are observed earlier by FTIR spectra with ring stretch at 1300–1460 cm-
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, out-of-plane bending vibrations at 694 cm-1, and Zn-N bond at 420 cm-1 for N-GR-ZIF

(Figure 4.2) and N-RGO-ZIF (Figure 4.16) samples.
With the presence of Zn and Fe metal ions in the Fe-ZIF sample, the literature suggests and
reports the placement of duo metal ions at the center of the framework [141]. Figure 4.26 shows
the FTIR spectra of N-RGO-Fe-ZIF samples (N0-RGO1-FeZIF1, N1-RGO1-FeZIF1, and N2RGO1-FeZIF1) where vibrational peaks of Fe-ZIF-8 and RGO peaks are observed. An increase
in the intensity of Fe-ZIF peak with N doping is observed which is evident in a strong
coordination mechanism of M-N-C type active sites. A mild presence of hematite αFe2O3 peak
at 664 cm-1 is observed with the N2-RGO1-Fe-ZIF1 sample compared to the dominating Zn-N
peak at 420 cm-1. N groups have high-intensity peaks for the N2-RGO1-Fe-ZIF1 sample, where
C=N bond at 1575 cm-1, aromatic C-N peak at 1146 cm-1, and C-N bond at 995 cm-1 are
noticeable, which might have higher N content among other N-RGO-Fe-ZIF samples. For N0RGO1-Fe-ZIF1, no-to-little traces of Fe-ZIF peaks are observed which clearly explains the
positive effect of N doping on Fe-ZIF attachment on RGO supports.

Figure 4.25: FTIR spectra of Iron-doped ZIF-8 materials confirming the presence of hematite
αFe2O3 and other molecular groups from Fe precursor
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Figure 4.26: FTIR spectra of N-RGO-Fe-ZIF samples confirming the presence of N groups and
vibrational frequencies of Fe-ZIF-8 in the samples

Figure 4.27 represents XRD peaks of Fe-ZIF-8 sample indicating the presence of ZIF-8
and hematite αFe2O3 diffraction peaks confirming successful Fe doping. However, diffraction
peaks of ZIF-8 are dominating in the sample with sharp signature peaks of 2θ values at 7.4°,
10.5°, 12.8°, and 18.1° with corresponding planes of (011), (002), (112), and (222) respectively
are observed. Diffraction angles and corresponding crystal planes of Fe-ZIF-8 material are
tabulated in Table 4.9 where several peaks conformed to ZnO peaks (JCPDS no. 80-0075) and
Zn peaks (JCPDS no. 04-0831) are observed in the spectra. Hematite αFe2O3 peaks (JCPDS
no. 44-04141) were observed at 2θ values of 49.3° and 56.4° with corresponding planes of
(024) and (018) respectively. The graphitic phase of RGO is observed with 2θ values at 44.3°
and 58.5° for all the samples. No shift in the diffraction peak was noticed with Fe doping,
however, the intensity of diffraction peaks of Fe-ZIF is greatly reduced compared with ZIF-8
which may indicate a possible defect created by αFe2O3 affecting the crystallinity of the
sample. XRD spectra of N-RGO-Fe-ZIF samples are shown in Figure 4.28 with the reduced
intensity of Fe-ZIF with increased Fe content in the samples, supported by the presence of
αFe2O3 peak. This is confirmed by FTIR spectra for N-RGO-Fe-ZIF samples where an increase
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in the vibrational frequency for Fe-ZIF was observed. With the increase of Fe content among
the samples, a slight change in the shift of diffraction peaks to the right is noticed for N1-RGO1Fe-ZIF1 and N2-RGO1-Fe-ZIF1 samples.

Figure 4.27: XRD spectra of Fe-ZIF sample with the presence of signature ZIF-8 and αFe2O3
diffraction peaks confirming the dual doping od Fe and Zn metal ions in the imidazole framework
maintaining sodalite structure
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Table 4.9: Diffraction peaks and phases of Fe-ZIF-8 material

Diffraction peaks for Fe-ZIF-8 sample
Diffraction

Corresponding

Diffraction

Corresponding

angle (2θ)

phases

angle (2θ)

phases

7.5°

(011)

30.8°

(244)

10.5°

(002)

31.6°

ZnO phase

12.9°

(112)

32.5°

(235)

14.8°

(022)

35.1°

(002) Zn phase

16.4°

(013)

36.6°

(002) Zn phase

18.2°

(222)

46.2°

ZnO

24.6°

(114)

49.3°

(024) αFe2O3 phase

26.9°

(134)

56.4°

(018) αFe2O3 phase

29.8°

(044)

Figure 4.28: XRD spectra of N-RGO-ZIF catalysts confirming the chemical bonding of FeZIF-8 particles on RGO supports with signature Fe-ZIF-8 and graphitic peaks observed
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Figure 4.29 I to III show SEM images for (a) 10,000x and (b) 130,000x magnifications of
N-RGO-Fe-ZIF (N0-RGO1-Fe-ZIF1, N1-RGO1-Fe-ZIF1, and N2-RGO1-Fe-ZIF1) samples
respectively. With Fe doping, the morphological change of the ZIF-8 sample is observed with
an increase in the size of Fe-ZIF grains (approx. 10 times the average size of ZIF-8 in Figure
4.11). As observed in FTIR and XRD, the presence of Fe-ZIF content increases with N doping,
which is visible in the SEM images of N-RGO-Fe-ZIF samples (Figure 4.29 (II) and (III)). The
increase in grain size of Fe-ZIF crystals increases with an average of 0.7 µm for the N0-RGO1Fe-ZIF1 sample (Figure 4.29 (I)(b)) to 1.1 µm for N2-RGO1-Fe-ZIF1 samples (Figure 4.29
(III)(b)). The granularity and uniform distribution of RGO sheets and Fe-ZIF crystals were
also improved with N doping. To support the observed graphitic peaks in XRD spectra (Figure
4.28), RGO sheets are predominantly visible, which might provide an advantage with a
combination of active sites for catalytic activity and electrical conductivity for fast electron
transfer rates. As we have discussed the morphology of RGO sheets in the previous section,
such an additional morphological advantage will help synergistically along with reducing
potentials of iron. EDX data for N-RGO-Fe-ZIF samples are reported in Table 4.10, where N%
increases from 2.2% to 11.9% as N doping increases, and the same trend is followed for the
chemical compositions for Fe and Zn. However, observed Fe content in the samples are less
than 1% with supporting observations made from FTIR and XRD spectra (Figure 4.26 and
4.27 respectively).
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Figure 4.29: SEM images of (I) N0-RGO1-Fe-ZIF1, (II) N1-RGO1-Fe-ZIF1, and (III) N2-RGO1Fe-ZIF1 at (a) 10,000x and (b) 130,000x magnifications
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Unlike N-RGO-ZIF samples (Figure 4.22), N-RGO-Fe-ZIF samples have well-defined
granularity due to large grains of ZIFs in the sample. Mn is detected in the samples with a
reduction in Mn% from 8.6% to 2.36% as N doping increases, similar to N-RGO-ZIF samples.
Elemental Mapping of the samples in Figure 4.30 shows uniform distribution of C, N, O, and
Zn elements observed in the samples, whereas Fe is undetectable by EDX detector due to low
Fe loading in the sample. However, the presence of αFe2O3 peaks was confirmed by XRD and
FTIR. With the uniform distribution of active sites on RGO sheets, it is necessary to evaluate
the electrochemical performance of N-RGO-Fe-ZIF samples with cyclic voltammetry
technique to analyze the effect of N doping, ZIF modification, grain size change, and inclusion
of transition metal on the electrochemical property of RGO supports. Table 4.11 shows XPS
data of the chemical composition of N-RGO-Fe-ZIF samples with an increase in N% and Zn%
were observed from 4.29% and 0.31% for N1-RGO1-Fe-ZIF1 to 5.89% and 0.6% for N2-RGO1Fe-ZIF1 respectively. No Fe% was observed in any of the N-RGO-Fe-ZIF samples.
Table 4.10: EDX data for N-RGO-Fe-ZIF samples

ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDX) data (in Wt%)
ELEMENTS

N0-RGO1-Fe-ZIF1

N1-RGO1-Fe-ZIF1

N2-RGO1-Fe-ZIF1

CK

67.31

67.14

66.87

NK

2.25

7.31

9.12

OK

18.94

15.47

11.97

ZnL

2.88

5.38

9.68

MnK

8.62

4.7

2.36

FeK

-

0.32

0.76
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Figure 4.30: Images of elemental mapping for N-RGO-Fe-ZIF sample
Table 4.11: XPS data for N-RGO-Fe-ZIF samples

X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) data (in At%)
ELEMENTS

N0-RGO1-Fe-ZIF1

N1-RGO1-Fe-ZIF1

N2-RGO1-Fe-ZIF1

C

86.73

81.71

81.11

N

-

4.29

5.89

O

12.4

13.4

12.06

Zn

-

0.31

0.6

Mn

0.86

0.29

0.34

Fe

-

-

-

Figure 4.31 shows a cyclic voltammogram for N-RGO-Fe-ZIF (N0-RGO1-Fe-ZIF1, N1RGO1-Fe-ZIF1, and N2-RGO1-Fe-ZIF1) samples scanned at a scan rate of 0.01 V/S for acid
electrolytes (0.1M HClO4). Area of the hysteresis loop of the catalyst increases as N doping
increases, with an increase of 24 μA.V for N0-RGO1-Fe-ZIF1 to 158 μA.V for N2-RGO1-FeZIF1 sample. A drastic increase in catalytic performance is due to the increase in Fe-ZIF8
particles for the N2-RGO1-ZIF1 sample supported by FTIR, XRD, and SEM analysis.
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Comparing the uniform distribution of active sites, high reduction potential (+0.77V) and
content of Fe metal ions, electrical conductivity, optimal N doping, and ZIF modification, the
N2-RGO1-Fe-ZIF1 sample shows better electrochemical performance among others. Compared
with the N-RGO-ZIF catalyst, N-RGO-Fe-ZIF catalysts show 187% in performance
improvement with the addition of a transitional metal.

Figure 4.31: Cyclic Voltammogram of N-RGO-Fe-ZIF catalyst materials to analyze the effect
of N doping, Fe doping, and MOF modification on RGO support material. Loop areas of 24, 74,
and 158 μA.V of redox activity are observed for N0, N1, and N2 nitrogen loadings

With N doping, chemical composition and crystal structure of N-RGO-Fe-ZIF catalyst
remain the same to that of N-RGO-ZIF catalysts, but with additional Fe content, therefore the
enhancement of catalytic performance is primarily attributed to the stability of active sites and
the higher reduction potentials of Fe metal. In the next section, overall comparisons, and
discussion with the three synthesized catalyst materials will be reported to provide the reader
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with a broader understanding of this research work. Benchmarking of the novel catalysts with
commercial 40% Platinum on Vulcan carbon catalysts will be analyzed for electrochemical
performance analysis and benchmark the three synthesis catalysts.
4.4 Results and discussion
In this section, we will discuss the characterization results reported in sections 4.1, 4.2, and
4.3 for the synthesized materials. Three novel catalyst materials, namely, N-GR-ZIF, N-RGOZIF, and N-RFO-Fe-ZIF were synthesized using the synthesis procedure reported in section
3.1 and characterized by several analytical techniques reported in section 3.2. Comparisons of
the characterization results of three catalyst samples will be analyzed along with benchmarking
the synthesized samples with commercial 40% Platinum on Vulcan Carbon (40% Pt/C). The
commercial catalyst material (fuel cell grade) is purchased from Fuel Cell Store, which has a
total surface area of 140 m2/g with an average particle size of 4 nm. Three strategies of N
doping, MOF modification, and Fe-doping were used to synthesize our novel catalyst materials
and the characterization of the materials was discussed in the previous sections of this chapter.
With the MOF modification, the N-GR-ZIF sample showed stronger interactions of ZIF-8
crystals on to the graphene edges attached to N bonds compared to N-RGO-ZIF, which can be
identified by predominant ZIF-8 peaks in FTIR (Figure 4.2) and XRD (Figure 4.5) spectra.
XRD spectra in Figure 4.32 below shows diffraction peaks of the ZIF-8 sample along with
N-GR-ZIF and N-RGO-ZIF samples to compare the intensities of ZIF-8 peaks on GR and RGO
support materials. A strong presence of ZIF-8 diffraction peaks was observed with N-GR-ZIF
over N-RGO-ZIF samples. This speculation is supported by SEM image comparisons between
the two samples in Figure 4.33 below, where a clear difference in the granularity and presence
of ZIF-8 were observed. The surface of the N-GR-ZIF sample was completely dominated by
ZIF-8 crystals (Figure 4.33(I)(b)), whereas for N-RGO-ZIF samples, we can observe both
RGO and ZIF-8 materials in the image (Figure 4.33(II)(b)). EDX data reveal higher Zn% up
to 27% for N-GR-ZIF samples (Table 4.4), whereas for N-RGO-ZIF samples it was 16%
(Table 4.6), where a clear difference with ZIF-8 bonding was observed. Another noticeable
difference between the two catalysts was with the graphitic peaks observed for the N-RGOZIF sample in XRD spectra, where it shows higher electrical conductivity of the material. XRD
peaks revealed graphitic peaks for N-RGO-ZIF samples (Figure 4.17) and N-RGO-Fe-ZIF
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(Figure 4.28) which is also supported by SEM images with RGO sheets observed on the
morphology for the two catalyst samples (Figure 4.46). No graphitic peak was observed for
the N-GR-ZIF sample (Figure 4.5) where fewer or no graphene particles were observed on its
surface (Figure 4.33 (I)).

Figure 4.32: Comparison of XRD spectra of N-GR-ZIF, N-RGO-ZIF, and N-RGO-Fe-ZIF
samples to analyze the effect of crystallinity with MOF modification. Peak intensity of N-GR-ZIF
and N-RGO-ZIF samples are compared to analyze the effect of ZIF modification on the two carbon
materials
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Figure 4.33: Comparisons of SEM images of (I) N-GR-ZIF and (II) N-RGO-ZIF samples to
analyze differences in granularity and particle size distributions for (a) 10,000x and (b) 130,000x/
30,000x magnifications

From SEM images, we can also observe ZIF-8 particles to bond between RGO sheets,
whereas in the case of GR particles, ZIF-8 particles are either visible on the surface or combine
as composite materials with no clear graphene presence. With this case, RGO sheets have a
noticeable morphological advantage over GR nanoparticles is that the retention of active sites
is achievable with RGO comparatively which reduces performance losses with RGO based
catalyst materials. The reactive species and gases like H2, O2, H+, O-, e- comparable have easy
access to the active sites as well as the conductive properties of RGO sheets for better kinetic
and electron transfer rates. The morphological advantage of RGO support material is identified
with cyclic voltammetry results. Figure 4.34 shows CV graphs for electrochemical
performance comparison between N-GR-ZIF and N-RGO-ZIF catalysts. N-RGO-ZIF samples
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had a higher loop area of 55 μA.V as compared to N-GR-ZIF of 18 μA.V, where the effect of
support material and synthesis process is understood by comparing catalytic activities. Even
though N doping was effective for GR supports, it led to the domination of ZIF-8 content in
N-GR-ZIF samples which is a reason for poor electrochemical performance in a CV. The
graphitic nature of GR was not observed on the surface of N-GR-ZIF catalysts, which might
have led to the reduction in its electrical conductivity for sluggish electron transfer rates.

Figure 4.34: Comparisons of electrochemical activity with the cyclic voltammograms for NGR-ZIF and N-RGO-ZIF samples with curve areas of 18 and 55 μA.V respectively, showing RGO
materials perform as better ORR catalysts comparatively

However, the electrochemical performance of the N-RGO-ZIF catalyst is comparable or
below the performance of the benchmark platinum catalyst which has a loop area of 124 μA.V.
Figure 4.35 below shows a CV graph of N-RGO-ZIF catalyst with 40% Pt/C. An improvement
in electrochemical performance is necessary for N-RGO-ZIF catalysts to be alternatives for a
platinum catalyst. With this objective in mind, the third strategy of using transition metals to
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boost electrochemical performance was decided in the catalyst design to start a literature
survey towards the development process. Transitional metals have similar catalytic potential
as platinum metals with higher reduction potentials and Metal-Nitrogen-Carbon coordination
to act as effective active sites for ORR reactions. With several transition metal alternatives,
Iron has the highest reduction potential, that was selected to proceed with catalyst development
and the literature survey was leveraged to incorporate with electrochemically active N-RGOZIF catalyst for further improvement. Iron was doped into the pores of the Imidazole
framework using a wet chemical process to synthesize Fe-ZIF materials which are already
discussed in section 3.1.5.

Figure 4.35: Comparisons of electrochemical activity with the cyclic voltammograms for NRGO-ZIF and 40% Pt/C samples with curve areas of 55 and 124 μA.V respectively, showing RGO
materials perform lower than the benchmark catalysts
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Figure 4.36: Comparisons of XRD diffraction peak intensities of ZIF-8 and Fe-ZIF-8 samples
to compare the effect of Fe metal ion doping on ZIF-8 material with a considerable change of ZIF8 diffraction peaks between the two materials

FTIR spectra were used to confirm successful doping of hematite αFe2O3 platelets and
acetylacetate, identified at 664 cm-1 and bonds at 1550 to 1200 cm-1 range. The presence of
Zn-N and αFe2O3 platelets confirmed the presence of dual metal ions in the framework, which
are supported by data from XRD and SEM-EDX. XRD spectra of ZIF-8 and Fe-ZIF-8
materials are shown in Figure 4.36 below where a reduction in the intensity of ZIF peaks for
Fe-ZIF sample is observed which might be due to the defects induced by Fe metal ions. SEM
confirms the particle size of Fe-ZIF to be 10 times larger than the ZIF-8 sample, where we can
analyze the degree of crystallinity in Fe-ZIF samples that could have affected by Fe ions. A
similar observation was spotted with N-RGO-Fe-ZIF samples, where the intensity of the N2RGO1-Fe-ZIF1 sample had a low intensity of diffraction peaks (had the highest Fe%) compared
to N0-RGO1-Fe-ZIF1 which had zero Fe% (Figure 4.28). Like N-RGO-ZIF samples, graphitic
phases of RGO were also observed in the XRD spectra for N-RGO-Fe-ZIF samples which are
expected to have higher electrical conductivity from RGO sheets.
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Figure 4.37: Comparisons of SEM images of (I) N-RGO-Fe-ZIF and (II) N-RGO-ZIF
samples to analyze differences in granularity and particle size distribution on the morphology

Figure 4.37 shows SEM images of N-RGO-Fe-ZIF (Figure I) and N-RGO-ZIF (Figure II)
catalyst samples, where a noticeable difference in the granularity and particle size is observed
between the two samples. ZIF-8 grains in the N-RGO-ZIF sample has an average particle size
of 200 nm versus 1 µm for N-RGO-Fe-ZIF samples. The increase in the particle size is
obviously due to the doping of Fe metal ions into ZIF-8, however, the crystal structure of FeZIF material remains unchanged with no shift in the diffraction peaks while maintaining
sodalite type structure. The granularity of the N-RGO-Fe-ZIF sample is better than N-RGOZIF samples due to the larger size of Fe-ZIF particles. With a thorough understanding of the
properties of both catalyst materials, cyclic voltammetry results will help us analyze the effect
of these chemical, structure, and morphological changes in affecting the electrochemical
property of N-RGO-Fe-ZIF catalysts.
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Figure 4.38: Comparisons of electrochemical activity with the cyclic voltammograms for NRGO-ZIF and N-RGO-Fe-ZIF samples with curve areas of 55 and 157 μA.V respectively,
showing Fe-ZIF-RGO materials perform as better ORR catalysts comparatively

Figure 4.38 below shows cyclic voltammetry curves of N-RGO-ZIF and N-RGO-Fe-ZIF
samples, where an enhancement with the electrocatalytic performance exhibited. N-RGO-FeZIF catalyst has a curve area of 157 μA.V compared to the area of 55 μA.V for N-RGO-ZIF,
with an increase in the catalytic performance of 187%. The increase in catalytic performance
is due to the tunable chemistry of ZIF-8 material with Fe ions. The effective active site M-NC mechanism has accelerated the kinetic and electron transfer reaction rates in HOR and ORR
reactions. Even though the porosity of the sample is affected by an increase in the grain size,
the optimal chemical compositions of Zn, N, and Fe along with RGO morphology have an
immense effect on the electrochemical property of the catalyst itself. Figure 4.39 below shows
the cyclic voltammetry of N-GR-ZIF, N-RGO-ZIF, and N-RGO-Fe-ZIF catalysts with the
benchmark platinum (40% Pt/C) catalyst to evaluate the electrochemical performance of
synthesized catalysts in determining a potential alternative. N-RGO-Fe-ZIF catalyst shows
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Figure 4.39: Comparisons of electrochemical activity with the cyclic voltammograms for NGR-ZIF, N-RGO-ZIF, N-RGO-Fe-ZIF, and Pt/C samples to show the evolution of enhancement
with the novel catalysts in the design process of synthesizing high performing ORR catalysts

higher electrochemical activity than the benchmark catalyst, whose loop area of 157 μA.V is
comparable or more than 124 μA.V for 40% Pt/C catalysts. Among the synthesized catalysts,
N-RGO-Fe-ZIF catalysts have more potential to be a cost-effective alternative to platinum
catalysts and with the facile way of synthesizing and abundant availability of materials make
N-RGO-Fe-ZIF catalysts as a potential alternative as non-PGM catalysts for a successful
transition to commercializing Fuel Cell Electric Vehicles. In the final chapter, the overall
summary and conclusions are reported along with the potential future work plans.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
The objective of this thesis is to synthesize electrochemically active non-platinum based
(non-PGM) catalysts as an alternative for mass manufacturing and commercialization of Fuel
Cells for Electric Vehicles and related applications. With this motivation, three non-PGM
catalyst materials, N doped graphene modified with ZIF-8 (N-GR-ZIF), N doped reduced
graphene oxide modified with ZIF-8 (N-RGO-ZIF), and N doped reduced graphene oxide with
Iron doped ZIF-8 (N-RGO-Fe-ZIF) were synthesized and characterized as potential materials
to provide comparable electrochemical performance to the commercial platinum catalysts.
Commercial Platinum on Vulcan carbon (40% Pt/C) is used as a benchmark catalyst to evaluate
the electrochemical performance of the synthesized non-PGM materials. The commercial
catalyst material (fuel cell grade) with a surface area of 140 m2/g and an average particle size
of 4 nm is used. Wet chemical synthesis of catalyst materials with N doping, MOF
modification, and M-N-C catalyst strategies was followed in the design process. The synthesis
procedure was successfully performed to make desired catalysts with target chemical and
morphological properties, based on the reported literature.
An ideal non-PGM catalyst should be cost-effective, easy to synthesize, electrochemically
potent, and sustainable in manufacturing for a potential alternative to platinum-based. Based
on the requirements, two carbon support materials, graphene, and reduced graphene oxide,
with different structural properties, higher electrical conductivities, and large surface area were
selected as carbon supports. Facile wet chemical process was used to dope N atoms on to the
carbon lattices of each support material and the effect of doping was found to be different due
to variations in surface area, chemical composition, and morphology. Graphene as a
nanoparticle with excellent electrical conductivity over RGO had a good affinity with the
selected N doping process due to comparable oxygen content. N bonds were predominantly
visible in FTIR spectra for GR particle compared to RGO sheets; however, the doping process
was successful in creating N bonds for both support materials. Raman spectroscopy identified
the effects of N doping and MOF modification processes by analyzing ID/IG ratios determining
the defects induced in the carbon supports. The ID/IG ratios provided us with a clear
understanding of the relationship with N doping and the chemical attachment of ZIF materials
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to act as a controllable parameter to tune the chemical and morphological properties of ORR
catalysts.
As we have already seen, changes in chemical and physical properties have an enormous
effect on the electrochemical performance of the catalyst. MOF modification technique was
used to tune the chemical and physical properties of the support materials. Zeolite Imidazole
Framework (ZIF-8) materials were chosen for the modification strategy with a wet chemical
process. ZIF-8 material was successfully synthesized and characterized with FTIR, XRD, and
Raman spectroscopies to evaluate the characterization results from literature and found from
XRD spectra that the synthesized ZIF-8 crystals have sodalite type structure. Detailed analysis
of physicochemical and electrochemical characterizations of the three catalyst samples was
investigated. Several characterization techniques were used to analyze the chemical,
morphological and electrochemical properties of N-GR-ZIF and N-RGO-ZIF samples. The
effect of N doping and MOF modifications on the GR and RGO support materials were
analyzed with changes in its electrochemical property and found a uniform distribution of
active sites and crystalline particles to help in improved electrochemistry as observed in NRGO-ZIF samples. The effect of Fe-doping was initially analyzed using FTIR to examine the
presence of acetylacetate groups in the Fe-ZIF sample. The presence of the Zn-N peak and
αFe2O3 peak confirms the presence of dual metal ions in the imidazole framework.
Diffraction peaks of ZIF-8 and αFe2O3 phases with XRD further confirmed the Fe
presence within the sample. SEM and EDX data showed increased chemical bonding of FeZIF particles on RGO sheets as N doping increased. An increase in Fe-ZIF grain size was
observed due to added Fe ions, which had an enhancing effect on the electrochemical
performance of the RGO catalyst. N doping had a positive impact on the synergy of RGO
support and Fe-ZIF material, where an increase in the loop from 24 μA.V for N0-RGO1-FeZIF1 to 158 μA.V for N2-RGO1-Fe-ZIF1 samples. An increase of 187% of catalytic
performance was observed with the catalyst over N-RGO-ZIF, due to optimal N doping and
MOF modifications and uniform distribution of elemental compositions. N-RGO-Fe-ZIF
appears to give the best performance compared to N-RGO-ZIF and N-GR-ZIF.

Further,

comparative evaluation with the benchmark platinum catalyst will help us understand the
potential of the synthesized material as an effective alternative.
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Based on the research from the thesis research work, some additional future work for
catalyst development can be suggested:
a) Development of Transition Metal based Carbon catalysts
Optimization of the process parameters and carbon precursors with different heteroatom
dopants based on high active surface area and porosity is encouraged. Further optimization of
the synthesized N-RGO-Fe-ZIF catalyst is needed with the change in the molar ratio of dual
metal ions and its effect on electrochemical property and durability. Various transition metals
such as Ni, Co, Cu, etc can also be used to replace Fe metal ions and the combination of dual
metal ions in the catalyst design process is also vital for future research. Further
electrochemical tests should be conducted especially in Rotating Disk Electrode (RDE)
experiments and Membrane Electrode Assembly (MEA) testing in a single cell fuel cell, that
reflects the actual performance in PEMFC.
b) Platinum and non-PGM hybrid-based catalysts
Metal-based catalysts are better performing either it is non-PGM or platinum-based.
However, both catalyst types have their merits and demerits. Demerits of platinum-based
catalysts are already discussed in this thesis. In spite of the cost, a platinum-based catalyst is
well-known for its effective performance in avoiding hydrogen peroxide formation during the
ORR reaction, which leads to high power outputs with better durability and low-loss. However,
this unique property of platinum is very challenging to target with non-PGM catalyst alone,
therefore, a combination of both materials together may be a better choice.

In such

combination, the degradation issue is minimized by platinum metal, while the use of nonPGM catalyst substitutes for platinum reducing the cost of providing comparable
electrocatalytic performance.
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